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ABSTRACT 9 7644- 
The high temperature eu tec t ics  (20-10 A l ,  Co-42 C r ,  Co-37 

Mo, Co-45 W, Ni-37 Ta, Ni-45 W, and Ni-16 Z r  were modified by 

small additions of Mg, Ca, Y, Ce, La, T i ,  Z r ,  B, Al and C. 

Unmodified and modified melts were vacuum melted and s o l i d i f i e d  

a t  three cooling r a t e s  and as investment c a s t  t e s t  bars.  On 

the  b a s i s  of  microstructure, nine compositions were chosen f o r  

mechanical prope r ty d r t  ermina t ion  . 
The r e su l t s  of s t r e s s  rupture tes ts  i n  a i r  a t  1800'F as 

well as reom temperature tonsile t e s t s  of four d i f f e ren t  high 

temperature eu tec t i c s  showed m d i f  icv t ion  capable of producing 

subs t an t i a l  improvements i n  pmpert ies .  Small addi t ions of B, 

C, and T i  increased t h e  s t r e s s  rupture l i v e s  of t he  C0-10 A l ,  

Ni-37 To, Co-45 W and Ni-45 W up t o  23 times and increased m o m  

temperature d u c t i l i t y  frem l ess  than 1 percent to as high as 7.5 
percent. 

The microstructures were a l t e r ed  in several s igni f icant  

ways t o  provide these improved properties.  

1. Stress  rupture l i f e  was increased by the formation of 

carbides o r  borides in the grain boundaries. 

Room temperature and high temperature s t rength  were 

improved by dispers ing a subordinate phase more uni- 

formly throughout the matrix. 

Replacing large continuous o r  p la te - l ike  const i tuents  

with small squiaxed o r  discontinuous phases improved 

2. 

3. 

I 
I 

tho duc t i l i t y .  
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The term 1tmodification1t is most familiar i n  t h e  context of 

the aluminum-silicon eu tec t i c  system (1).* 

descr ibe the  change in micmstructure of t h e  aluminum-silicon 

eu tec t i c  a l loys  t h a t  occurs when they a re  rapidly cooled fmm 

the melt o r  slowly cooled a f t e r  being t r ea t ed  with small amounts 

of sodium. If an  aluminum alloy containing approximately 12 per -  

cen t  s i l i c o n  is  slowly cooled from the melt, the r e su l t i ng  micro- 

s t ruc ture  cons is t s  of ar rays  of crudely lamel la r  s i l i c o n  p l a t e s  

i n  a matrix of aluminum solid solution. If t he  same melt were 

c h i l l  cast ,  o r  sand c a s t  after a small sodium addi t ion,  t he  micro- 

s t ruc tu re  after s d i d i f l c a t i o n  would be profoundly "modifiedll . 
The s i l i c o n  would then appear i n  the alulninum matrix as f i n e ,  

more o r  l e s s  rounded pa r t i c l e s .  

It is used t o  

Recently lhodif icat ion" has a lso been used t o  describe the 

change from f lake  to nodular graphite i n  c a s t  iron, a near- 

eu tec t i c  iron-carbon-silicon alloy (2). 

o r  spheroidal graphite is brought about by small addi t ions of  

cerium o r  magnesium to a melt t ha t  would otherwise develop f l akes  

of graphite on freezing (3). 

The change t o  nodular 

Chadwick has suggested a general de f in i t i on  o f  modifica- 

t i o n  t o  include the e f f e c t  of  small q u a n t i t i e s  of impurity 

Numbers i n  parentheses r e f e r  t o  the Bibliography at the end of 
the d isser ta t ion .  

I 
I 
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elements on the  microstructures of a11 eutec t ic  a l loys,  whether 

o r  not  there  is an accompanying favorable chango i n  the  mechanical 

propert ies  of t h e  alloys (4). 

t ion ,  i n  the  absenca of a th i rd  phase, i n  terms of the e f f e c t  of 

differences i n  t h e  sol id- l iquid interfaco temperatures of adjacent  

lamellae on tho t r ans i t i on  of a lamellar eu tec t ic  t o  a par t i cu la t e  

one. 

T i l l e r  ( 5 )  has discussed modifica- 

While it may be more proper t o  limit the  term 

t o  those s t ructures  t h a t  do not  contain a t h i r d  phase, t h i r d  

phases were formed i n  a number of the compositions s tudied i n  t h e  

present work. 

eu tec t ic  phases was completely supplanted by t h e  " th i rd  phase)'. 

Therefore, f o r  t h i s  paper, modification w i l l  b e  defined as "the 

change i n  microstmcturc  a f t e r  so l id i f i ca t ion  of a eutec t ic  

a l loy  brought about by the addition o f  one o r  mon solute  

elements o r  by a change in  cooling r a t a .  

I n  f ac t ,  i n  some instances on. of t h e  binary 

It i s  now real ized t h a t  modification of eu tec t i c  a l loys  

i s  a general  phenornmon which should be applicable t o  control l ing 

tho s t ruc ture  o f  su toc t i c  alloys melting a t  high temperatures as 

well as t he  s t ruc ture  of  the more fami l ia r  aluminum-silicon alloy. 

A number of systems have been shown t o  bo capable of modifica- 

t ion ,  f o r  exmple, iron-graphite has been modified by magnasium 

(3); l ead- t in  by copper (5); aluminum-copper by sodium (6); 

aluminum-mmgmese by sodium (6); and lead-antimony by aluminum 

( 6 ) .  
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Most of the study of the  mechanisms of  modification of 

eu tec t i c  a l loys  has centered on the aluminum-silicon system. 

The mechanism of modification, as of any s o l i d i f i c a t i o n  

phenomenon, must be considered primarily i n  terms of nucleation 

and growth. 

are required t o  explain a l l  the phenomena observed in connection 

with t h e  s o l i d i f i c a t i o n  of modified aluminum-silicon eu tec t i c s  , 
there  has been a tendency f o r  invest igators  t o  favor one or the  

other  mechanism. 

Although both nucleation and growth mechanisms 

I n  order  t o  consider the mechanisms of modification let 

us review some of the phenomena tha t  have been observed during 

the s o l i d i f i c a t i o n  of aluminum-silicon e u t e c t i c  a l loys.  

1. Rapid cooling fmm the  melt produces a modified 

s t ruc tu re  (7) 

2. Small ( C  .Os$) additions of sodium and addi t ions 

of other  elements (e.go, calcium, potassium, 

antimony, boron, titanium, arsenic ,  latc 

modification in sand castings o r  metal slowly 

cooled from the  melt. 

I n  the pEsence of phosphorus, the eu tec t i c  alloy 

cannot be modified by rapid cooling (7). 

Phosphorus-beartng melts can be modified but require  

l a r g e r  addi t ions of sodium than do melts t h a t  a r e  

phosphorus f r e e  (7). 

5. Modified a l loys  undertool before f reezing,  ye t  melt 

a t  the equilibrium eutec t ic  temperature (1). 

(8)) produco 

3.  

b.  
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6. The growth of t h e  globular const i tuent  i n  modified 

a l loys  occurs  a t  the sixme lmqmratrrre mgardless  of 

whether modification i s  effected by c h i l l  cast ing o r  

by the  addi t ion of sodium ( 9 ) .  

The g rea t e r  the  s i l i c o n  content the grea te r  i s  t h e  

amount of sodium required t o  e f f e c t  modification (10) . 
7. 

The achieving of a f i n e  pa r t i cu la t e  d i s t r ibu t ion  of s i l i c o n  

on rapid cooling of the  melt i s  t h e  r e s u l t  of increased super- 

cooling and rap id  so l id i f i ca t ion  without permitting d i f fus ion  o f  

the s i l i c o n  atoms over long distances (8). The prevention of 

undercooling by phoqhorus suggests the presence of nuclei ,  

possibly Alp (11) %hat cause nucleation of s i l i c o n  t o  occur 

a t  t he  normal eu tec t ic  tanperature. 

requirement uf addi t iona l  sodium t o  modify phosphorus-bearing 

melts, points  t o  a r e s t r i c t e d  nucleation mechanism, 

e i t h e r  is adsorbed on the nuc le i  (12)(13) o r  r eac t s  chemically t o  

des t roy  them (14) (15). 

a modified s t ruc ture  could occur e i t h e r  because no nuc le i  were 

avai lable  t o  start t h e  growth of s i l i c o n  o r  because growth was 

being inh ib i t ed  by an adsorbed layer  of  sodium on s i l i c o n  

p a r t i c l e s  r e s t r i c t b i g  t r ans fe r  of s i l i c o n  atoms across  the melt- 

p a r t i c l e  in te r face  (4). The f ac t  t ha t  modified a l loys  m e l t  at 

the equilibrium e u t e c t i c  temperature (1 ) inva l ida tes  a sugges- 

t i o n  (16) t h a t  the depressed freezing temperature of modified 

a l l o y s  was the  equilibrium freezing temperature of a sodium- 

This, coupled with the  

Sodium 

Undercooling p r i o r  to t h e  formation o f  
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aluminum-silicon ternary eutect ic .  The so l id i f i ca t ion  of t h e  

ch i l l - cas t  and sodium-modified eu tec t ics  a t  t h e  same tempera- 

t u re  i s  considered ( 9 )  as evidence tha t  sodium does not  d i rec t -  

l y  a f f e c t  the growth of s i l i con .  

f o r  increased mdify ing  additions with increasing amounts of 

s i l i con  (10) suggests a re la t ion  t o  the  amount o f  s i l i c o n  

surface area on which sodium might be  adsorbed. 

On the other hand, the need 

Despite the r e l a t i v e l y  great a t t en t ion  the  modification 

of t h e  aluminum-silicon eu tec t i c  has received, there  i s  no 

general agreement on why modification takes  place.  Probably 

both r e s t r i c t e d  growth and r e s t r i c t ed  nucleation, as well as 

other  mechanisms, operate i n  the  modification o f  t h e  aluminum- 

s i l i c o n  eu tec t ic  and other  eutect ic  systems. 

It has been shown t h a t  modification of a binary eu tec t ic  

can be effected by addition of a = l u t e  element t h a t  has 

g rea t ly  d i f f e ren t  d i s t r ibu t ion  coeff i c i e n t s  o r  k values i n  the  

two phases of t h e  eutect ic .  Under these conditions, differences 

i n  t h e  temperatures a t  the solid-liquid in te r faces  of  the two 

phases r e t a r d  the  growth of one phase w i t h  respect t o  the  other  

(5 ) .  
eu tec t i c  to a globular eutec t ic  would be expected with increas- 

ing undercooling (17). 

t i o n  f r o m  lamellar  t o  rod-like eu tec t i c s  depends on the concept 

of cons t i tu t iona l  supercooling (18). 

ing the leading lamellae would bridge over t he  lagging phase a t  

It has also been shown t ha t  a t r a n s i t i o n  from a rod-like 

A mechanism applicable t o  the t r a n s i -  

With increasing supercool- 
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i n t e rva l s  along t h e i r  length so t ha t  the  growth of t h e  exposed 

surfaces of the lagging phase could only continue i n  a rod-like 

fashion. With fur ther  supercooling, the leading phase would 

grow completely over the  secord phase so t h a t  the growth of t he  

second phase could continue o n l y  a f t e r  rsnucleation a t  o r  near 

the solid-melt in te  rface. Repeated nucleation would r e s u l t  i n  

a par t i cu la t e  d i s t r ibu t ion  o f  t he  subordinate phase. 

A comparison of t h e  par t icu la te  s i l i c o n  phase i n  a sodium 

modified aluminum-silicon eutect ic  and of the  plate- l ike 

s i l i c o n  phase of an unmodified aluminum-silicon eu tec t i c  i s  

made i n  Figure 1 (19). The alloy shown i s  the hypoeutectic 

aluminum alloy A356 which has the composition A1 - 7.0 S i  - 
0.3 Mg. ma dark p la t e s  of s i l i con  exhibi t  a coarse, 

somewhat lamellar, pat tern i n  the unmodified alloy, while i n  

the sodium modified alloy, s i l icon  i s  present as small more 

o r  l e s s  rounded pa r t i c l e s .  The large white areas  i n  the micro- 

graphs of both conditions a re  sections through primary aluminum 

dendrit  es. 

1 

The e f f e c t  of sodium modification on the t ens i l e  proper t ies  

of A356 as P function of distance from a c h i l l  can be seen i n  

Figure 2 (19) .  

percent elongation were subs tan t ia l ly  increased and the y ie ld  

Generally, the ul t imate  t ens i l e  s t rength  and 

s t rength s l i g h t l y  increased w i t h  increasing dis tances  from t h e  

c h i l l .  

s t rength and d u c t i l i t y  were depressed by modification. 

However, a t  s h o r t  distances from t h e  c h i l l ,  the t ens i l e  

Although 
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the authors offered no explanation f o r  t h e  poorer propert ies  i n  

the v i c i n i t y  of t he  c h i l l ,  t h i s  condition may have been the  

r e s u l t  of overmodification (20).  It has been shown t h a t  maxi- 

mum proper t ies  are not  achieved a t  maximum sodium content, and 

t h a t  in c h i l l  cast ings of Aluminum-13 s i l i c o n  alloys, m a d m u m  

d u c t i l i t y  i s  achieved a t  lower sodfum content than f o r  sand 

cast ings (21)" The benef ic ia l  e f fec ts  of modification on 

s t rength and d u c t i l i t y  are more pronounced i n  higher s i l i con  

content alloys, f o r  example, modification of a sand cas t  13 

percent s i l i c o n  a l l o y  ra i sed  the  average t ens i l e  s t r eng th  from 

18,000 p s i  t o  25,000 p s i  and t he  elongation fmm 2 percent  t o  

13 percent (2) 

Although t h i s  discussion has thus fa r  been l imited to room 

temperature propert ies  , eutee t ic  alloys should a l s o  b e  of 

i n t e r e s t  f o r  h$gh temperature service.  Although "high tempera- 

t u re  eutectic olloysll may appear t o  be a contradict ion i n  

terms, many eutec t ic  systems including those s tudied i n  this 

program have melting poin ts  i n  excess of 2bOO F. One of the 

mechanisms by which high temperature alloys are strengthened 

is  dispersion of a r e l a t i v e l y  b r i t t l e  phase such a s  an oxide, 

carbide, o r  an  in te rmeta l l ic  compound throughout a d u c t i l e  

matrix, 

s i z e  and spacing of the dispersed p a r t i c l e s  (22) (23), 

more, room temperature d u c t i l i t y  may also be increased by 

changing the shape of a b r i t t l e  dispersed phase fmm platemlike 

0 

In general, s t rength i s  increased by decreasing t h e  

Further- 
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t o  equiaxed o r  spheroidal (8), 

When a dispersion-strengthened a l l o y  i s  obtained by precipi-  

t a t i n g  a non-coherent dispersoid from a so l id  solution, it must 

be possible t o  take the hardening phase i n t o  solut ion in order 

t o  d i s t r i b u t e  it by subsequent aging treatments. 

t h i s ,  overaging and resolutioning limit t h e  maldmum temperature 

t o  which such alloys can be used, 

system, both phases coexis t  up t o  the  melting point. 

suggests t h a t  a s tab le  dispersion hardened cast alloy would 

r e s u l t  if a s u f f i c i e n t l y  f i n e  d is t r ibu t ion  of one of t h e  

eu tec t ic  phases could be obtained during so l id i f ica t ion .  

Because of 

However, i n  a binary eutect ic  

This 

An addi t ional  reason f o r  i n t e re s t  i n  eu tec t ic  a l loys  i s  

t h e i r  excel lent  ca s t ab i l i t y .  

cas t ings  f r o m  alloys w i t h  a wide spread between the l iqu idus  

and sol idus temperature. The smaller t h e  spread, the b e t t e r  

t he  cast ing behavior (24), 

spread provides: (1) improved f lu id i ty ,  ( 2 )  longer feeding 

dis tances ,  and (3) a reduced tendency t o  hot t e a r ,  

eu t ec t i c  a l loys ,  l ike  pure metals, f reeze a t  a single tempera- 

t u r e  ra ther  than over a range of temperatures, they a r e  fa r  

b e t t e r  as cas t ing  a l loys  than a so l id  so lu t ion  a l l o y  with a 

long l iquidus t o  sol idus range, 

Many problems arise i n  making 

A narrow l iquidus t o  sol idus 

Since 

The purpose o f  t h i s  research was t o  study the e f f e c t s  o f  

small s o l u t e  addi t ions on the microstructure and mechanical 

proper t ies  of a number of high melting point eu tec t i c  composi- 
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t ions.  The aim was two-fold: 

standing of the modification of eu tec t ic  alloys and (2) t o  

develop a new means f o r  improving the propert ies  o f  high 

temperature a l loys  by control l ing s t ructure .  

has been reported t h a t  t he  optimum high temperature proper t ies  

i n  eu tec t ic  systems do not occur a t  the  eu tec t i c  comFosition 

(25), it appeared desirable  as a f i r s t  s tep  i n  exploring the  

modification of high temperature eu tec t ic  systems to l i m i t  

t h i s  invest igat ion t o  a l loys  of eu tec t ic  composition. 

t he  s t ruc tu res  of e u t e c t i c  compositions can be e f f ec t ive ly  

controlled,  it should be possible to extend t h i s  cont ro l  to 

hypo- o r  hyper- eu tec t i c  compositions where eu tec t i c  s t ruc tu res  

can also be influenced by modification. 

(1) t o  obtain a b e t t e r  under- 

Although it 

When 



I .  

' EXPERIMENTAL PEOCEDURE 

ALLOYS INVESTIGATED 

Seven binary eu tec t ics  having melting points  grea te r  than 

2400°F were chosen f o r  investigation, 

with t h e i r  melting points  and the  phases which form the 

eu tec t i c s  (26) 

They a r e  shown below 

Weight Per- 
Second cent of 2nd Eutect ic  Me1 t ing 
Element Element Phases Point  

Cobalt -base 

10 C 0 - CO A1 2552'F A1 

C r  42 co- c5 2552OF 

MO 37 C O - M O ~ C O ~  2bbh0F 

W 45 CO -w&07 2696OF 

Nickel-base 

Ta  37 Ni-Ni3Ta  248OoF 

45 Ni-W 2732OF W 

ZP 16 N i - Z r N f 4  2516OF 

Potent ia l  modifying elements were chosen from Groups 11, 

111, and I V  of the periodic table,  

the  following requirements : 

They met one or  more of 

1. They were chemically react ive,  

2. They met the  cr i ter ia  of:  

au 

b o  

g rea t ly  d i f fe r ing  k values i n  t h e  two phases, 

g rea t ly  d i f f e r ing  l iquidus slopes f o r  the  t h i r d  

e l  emen t 

- LO - 
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3. They had been shown to be e f fec t ive  modifiers i n  

other  systems (3)  (8). 

4. They had been shown t o  be ef fec t ive  grain r e f ine r s  

i n  o the r  systems (27) (28). 

The addi t ions used a l l  came from Groups 11, I11 or I V  and 

are l i s t e d  below: 

Group Group Group Group Group 
I V  a I11 b I V  b I1 a - I11 a - - 

Mg Y T i  B 

Ca La Z r  Al 

Ce 

C 

Generally single additions of 0-1 percent of t h e  weight of t he  

melts were made. However, some addi t ions as l a rge  as 1,O per- 

cen t  by weight were used as w e l l  as complex addi t ions  contain- 

ing  up to four  elements. 

made t o  the  severa l  eu tec t i c  systems is shown in Table I. 

A complete l i s t  of t h e  addi t ions 

On the  bas i s  o f  microstructure the  nine modified eu tec t i c  

a l loys  l i s t e d  below were chosen f o r  fu r the r  evaluation, 

c0-10 A 1  + 1.0 C 
C O - 4 s  W + 0.2 C 
Ni-37 Ta B l o o  C 
Ni-45 W .) 0,l B 
Ni-45 W + 0.1 C 
Ni-45 W 4 0.1 La 
N i - &  W + 1.0 T i  
Ni-45 W + 0.1 Y 
Ni-45 W -I 0.1 each B, C, T i ,  Zr 
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Theso medificatiens as  well as the  carrespending unmodified 

a l loys  were cas t  as t e s t  bars for s t r e s s  rupture and t e n s i l e  

t e s t ing .  

MELTING AND CASTING MATERIALS AND TECHNIQUE - - 
The melting stdck was high pu r i ty  mater ia l  of the form and 

pu r i ty  l i s t ed :  

Element F Q ~  Pur i tv  " 

Aluminum 
Bo m n  
Corben 
Calcium 

Corium 

Cebalt 
Chremium 

Lanthanum 

Magnesium 

Mol ybdonum 

Nickel 
TPnblUUl 

T i t  anim 
Tungs ten 
Y t t r i u m  
Zircenium 

granulated inget 
-325 mesh 
spectroscopic graphite 
turnings 

cas t  ingots 

e l ec t r e ly t i c  1 1 1  x 1 1 1  x 1/8tt 

e l e c t m l y t i c  

c a s t  inget  

turnings 

pewdar, 4 micrms avg. 

e lec t ro ly t ic  1" x 1" x 1/8"  
roundels 

sponge 
pawdor, 6 miergns avg, 

turnings 

spengo (reactor  grad.) 

99.9 + 
99 . 25 

990999 + 
98.0 

99.9 

99.5 a 
99.8 8 
99.9 Q 
99.4 
99.0 

99.9 + 
99.5 
99 65 
99.9 4 

9909 
99.8 4 

Chemical analyses we- obtained fmm an independont laboro- 

tsry f e r  t e s t  bar melts representing th i r t een  compositions t h a t  

were t e s t ed  f a r  mechanical properties and f o r  six of the exploro- 

t o r y  melts. 



The molds f o r  t h e  melts u s e d t o  study microstructures 

combined a pouring cup and a cyl indrical  sect ion,  made from 

calcium aluminate bonded fused silica9 with a copper c h i l l  

mold. 

by 2" long, 

by 1/2" deep, 

an assembled mold i n  Figure 4, and a t yp ica l  casting from the  

composite mold i n  Figure 5. 
coat re f rac tory  of zircon and made by t h e  l o s t  wax process 

were used f o r  cas t ing  t e s t  bars, 

with unbonded grog (burned f i r e  clay) were maintained a t  1600'F 

i n  the vacuum chamber by a sml1 resis tance furnace. 

shows a she l l  mold and a c l u s t e r  of t e s t  bars c a s t  i n  a similar 

mold 

The cy l indr ica l  mold sect ion had a cavi ty  3/btt diameter 

The cavi ty  i n  the c h i l l  mold was 5/81' in diameter 

The sect ions of the mold are shown i n  Figure 3, 

Ceramic s h e l l  molds with a dip  

Dewaxed s h e l l  molds backed 

f i g u r e  6 

Vacuum induction melts  f o r  microstructure determination 

were made a t  Case I n s t i t u t e  of  Technology, 

vacuum c a s t  a t  Lewis Research Center, The Case furnace was 

powered by a 960 cps motor-generator. The NASA furnace was 

powered by a 9,600 cps motor generator. 

melting was done i n  z i rconia  crucibles surrounded by graphi te  

su sc  ep t o r s  ., 

Test bars  were 

In both i n s t a l l a t i o n s  

For exploratory melts an assembled composite mold was 

placed in the vacuum chamber, and a crucible  containing the  

complete 60 cc charge (except f o r  large carbon or  v o l a t i l e  

addi t ions)  w a s  inser ted  i n  the susceptor. The chamber was 

pumped t o  a pressure of 5 microns mercury before power t o  the 
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induction c o i l  was  turned on,, 

usual ly  begun. 

times necessary t o  introduce argon t o  suppress a carbon bo i l .  

Volat i le  addi t ions such as magnesium o r  calcium wexu made under 

a pressure (always less than atmospheric) of argon. 

melting was complete the  temperature was increased t o  assure 

the  solut ion of the  high melting point element. 

then cooled unt i l  s o l i d i f i c a t i o n  occurred. 

temperature, read by means of  an op t i ca l  pyrometer was used as 

a reference poin t  f o r  es tabl ishing the pouring temperature 

which was a t  a reading of 2OO0F above the melting point ,  

ac tua l  superheat was approximately 34OoF. 

poured, a port ion of the  melt approximately 3/4 fnch deep was 

re tained i n  t h e  crucible .  

reduced power t o  obtain a sample s o l i d i f i e d  a t  a r e l a t i v e l y  

slow r a t e ,  

After 1s minutes, melting had 

when carbon additions were made it was some- 

After 

The melt was 

The freezing 

The 

When the casting was 

This was permitted t o  s o l i d i f y  under 

The melting procedure f o r  the t e s t  bar cast ings was 

e s sen t i a l ly  the same as t h a t  used a t  Case, However, t h e  s i z e  

of the  melt , which was approximately 170 cc9 necessi ta ted t h e  

addi t ion of metal during melting. The complete charge, except 

f o r  about 30 percent  of the nickel o r  cobal t ,  was placed i n  a 

new crucible ,  The extra metal was loaded i n t o  an addi t ions 

maker, The c ruc ib le  was inser ted i n  t h e  induction co i l ,  and a 

preheated mold was put  into the mold heating furnace a t  1600°F, 

The vacuum chamber was pumped t o  pressure less  than 5 microns 
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mercury before power was turned on, 

cobal t  had been added t o  a tungsten bearing melt it was super- 

heated, 35OoF (opt ica l )  t o  dissolve tungsten. With power of f ,  

the  melt  was then permitted t o  freeze t o  obtain a reference 

temperature f o r  casting. 

f o r  casting. 

thick Pyrex s i g h t  glass,  lO@F was equivalent to approximately 

170°F actual ,  as measured with a tungsten vs. tungsten-rhenium 

thermocouple, 

After a11 t h e  nickel  o r  

A 200°F (opt ica l )  superheat was used 

Measured o p t i c a l l y  through a mirror and a 1/41' 

It w a s  found t h a t  the holding times and temperature t h a t  

had been adequate t o  dissolve tungsten powder i n  the 960 cycle 

furnace with i t s  vigorous inductive s t i r r i n g  l e f t  a tungsten 

residue in t h e  c ruc ib l e  i n  the  9,600 cycle furnace which 

s t i r r e d  the  melt only s l i gh t ly .  To cor rec t  t h i s  condition the  

times and temperatures were increased, 

I h e  molds were l e f t  in the vacuum chamber f o r  15 minutes 

a f t e r  casting and then allowed t o  cool  t o  ambient temperatun 

i n  air pr io r  t o  removing the mold mater ia l  from t h e  cast ing.  

After cut-off the t e s t  ba r s  were v i sua l ly  inspected with the  

a i d  of f luorescent  penetrant,  

METALIDGRAPHIC WEM AND MECHANICAL PROPERTY DETERMINATIONS -- 
Three portions of each melt, representing th ree  d i f f e ren t  

cooling r a t e s ,  as wel l  as  sect ions cu t  from t e s t  bars  were 

examined metallographically. 

e l e c t r o l y t i c a l l y  5x1 a solut ion made of 6 p a r t s  s u l f u r i c  acid, 

Cobalt-base a l l o y s  were e tched 
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30 par t s  saturated solution of boric acid and 30 p a r t s  o f  water. 

S ta ins  were removed with ammonium hydroxide. Nickel-tungsten 

and nickel-zirconium a l loys  were etched e l e c t r o l y t i c a l l y  with 

10% oxalic ac id  i n  water and t h e  nickel-tantalum a l l a y s  were 

swabbed w i t h  a solution of 30 par ts  a c e t i c  acid,  5 parts 

n i t r i c  acid and 5 parts hydrofluoric acid,  

were not  i den t i f i ed  by means other than  metallography. 

assumed t h a t  the phases that combined t o  form the  unmodified 

binary eu tec t i c  s t ruc tu res  were those defined by Hansen (26). 

The microconstituents of some of t he  t h i r d  phases had been 

described in t h e  l i t e r a t u r e  o r  were observed in binary alloys 

prepared during t h i s  research, 

The phases observed 

It was 

S t r e s s  rupture t e s t i n g  was done with as-cast  (unheat- 

The t e s t  bars which were t reated,  cas t  t o  s i z e )  t e s t  bars,  

shown i n  Figure 6 were from a design used by NASA ( 2 9 ) *  

gauge section was l-lh inches long and 0,250 inch i n  diameter. 

A l l  stress rupture tests wen performed i n  a i r  a t  1800 F. 

Room temperature t e n s i l e  tests were also performed with unheat - 
t r ea t ed  and unmachined bars,  

compositions where t h e  first bar t e s t e d  was very b r i t t l e  o r  

showed evidence of intergranular oxidation 

stances, subsequent bars wem ground t o  improve t h e i r  surface 

o r  t o  remove the  skin containing the  intergranular  oxidation. 

The 

0 

An exception was made f o r  a few 

Under these  circum- 



FGSULTS AND DISCUSSION 

CHENICAL ANALYSIS 

The chemical analyses of t e s t  bars  representing a l loys  

tes ted  f o r  mechanical propert ies  and of six exploratory heats  

a r e  l i s t e d  i n  Table 11. The average recovery of tungsten in 

exploratory melts t h a t  were analyzed was u.2 percent, f o r  a 

Ir5 percent addition, 

only 41.76 percent not  including melt No. 242 which was 

For t e s t  bar melts t h e  recovery averaged 

reported separately.  Melt No. 2112 which was one of t h e  first 

t e s t  b a r  melts made had a tungsten content of only 37 percont. 

The residue of tungsten found i n  the bottom of the  crucible 

a f t e r  pouring this melt was a t t r ibu ted  t o  t h e  reduced s t i r r i n g  

obtained i n  t h e  9,600 cps induction furnace. The lzck ef 

s t i r r i n g  r e su l t i ng  from t h e  high frequency power supply was 

compounded by the necessi ty  of using a susceptor to avoid 

cracking the  crucible  by thermal shock, Increasing the hsld- 

ing times and temperature ra ised the  recovery t o  near ly  & 

percent f o r  some melts, but resulted i n  a pick-up o f  zirconium 

from t h e  crucible.  Most o f  t h e  t e s t  bar  m o l t s  showed a 

zirconium content grea te r  than 0,Ol percent, while a nickel-37 

tantalum plus 1.0 carbon melt heated t o  approemately 3700°F 

contained 0,55 percent zirconium, 

Recovery of t h e  o ther  additions varied considerably 

depending en the amount added and t h e i r  r eac t iv i ty ,  

recovery of alumhum and tantalum was high. 

The 

The carbon loss 

- 17 - 
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was approximately 10 percent of tha t  added i n  most cases; 

IOSS was reported f o r  carbon i n  the cobalt-10 aluminum melt 

and a s l i g h t  increase occurred i n  the nickel-45 tungsten 

hea t  t o  which the fou r  elements boron, carbon, t i tanium and 

zirconium mlce added. The bomn recovery was approximately 

50 percrn t  i n  the  expieratory hra ts  bu t  80 prmont  o r  over of 

t h i s  element was rrcoverrd i n  the  t es t  b a r  melts. 

no 

Even though the recovery of some elements varied between 

the melts i n  the lower (explomtory) and higher ( t e s t  ba r )  

frequency melting furnaces, the  s t ruc tures  were comparable 

i n  most casesa 

which represents a sec t ion  from a t e s t  bar ,  with p a r t s  a, b 

and c p  which represent sect ions from t h e  composite mold cast ings,  

shows t h a t  the s t ruc tu res  obtained i n  both types of  cast ing 

were subs tan t ia l ly  the same, 

the  tungsten-bearing t e s t  bars  was hypoeutectic , the hyper- 

eu tec t ic  primary phase was present i n  the t e s t  bars  if it was 

also present i n  the exploratory cast ing.  

was tha t  zirconium could be seen in the t e s t  bars  as a pink 

phase i n  dendrite arm boundaries of the matrix but was n o t  

present i n  the exploratory heat. 

responsible f o r  a s l i g h t  thickening of t h e  tungsten const i tuent  

i n  the s t ruc tu res  i l l u s t r a t e d .  

A comparison i n  Figures 7 through 18 of p a r t  d, 

Even though t he  composition of  

The chief difference 

This element was probably 

Two sharp differences i n  s t ruc ture  d id  occur, The s t ruc-  

t u r e  of the 0,1 yttrium modified nickel-45 tungsten t e s t  bars 
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was r ad ica l ly  d i f f e ren t  from t h a t  of the corresponding cxplora- 

toSy cast ing,  

a l so  showed differences between the s t ruc tures  of the two types 

of melt, Recavery of both yttrium and lanthanum was l c rw  i n  the 

t e s t  b a r  melts, 

The lanthanum medification of t h i s  same base 

%me evidrnce e x i s t s  t ha t  primary tungsten phases s e t t l e  

au t  of t h e  cast ings by gravi ty  during so l id i f i ca t ion ,  

ends of one cast ing f r o m  each o f  two heats  were ansllyzed f o r  

tungsten, 

t h e  tungsten was prasent, largely as  a eutec t ic  const i tuent ,  

showed r e l a t i v e l y  l i t t l e  segregation. 

plxs one percent titanium i n  which tungsten was c h i e f l y  a 

primary o r  preeutect ic  const i tuent  showed subs t an t i a l  segrega- 

tion; t h e  t e p  of t h e  t e s t  bar contained 3b.7 percent tungsten 

and t h e  bottom 43 8 percent tungsten, 

Opposite 

The unmodified nickel-45 tungsten alley i n  which 

The nickel-45 tungsten 

MICIDSTRUCRTRAL CONSIDERATIONS 

A summary of  t h e  micmstructures of a11 the  expleratmry 

melts made is shown i n  Table I, The morphologies sf t h e  

eu tec t ic  consti tuents,  the primary phases present and t h e  

maemstructures a r e  l i s t e d  f o r  the ceramic-cast 3/4 inch 

diameter cylinder The d i s t r ibu t ion  of the  b r i t t l e  phase , 
whether centinueus o r  par t iculate ,  is shown f o r  t he  zone near  

t he  chil l-metal  in te r face  Figurra 7 through 1 9  i l l u s t r a t e  

t he  micrcPstructures of seven urnedified binary eu tec t ics  as w d l  

\ 
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as the  microstructures of six modified alloys from four  of t he  

eu tec t i c  systems, These six modified alloys a r e  those whose 

s t r e s s  rupture propert ies  were improved by modification. 

Figures 20 through 25 show the  l8OO0F s t r e s s  rupture propert ies  

and room temperature t e n s i l e  propert ies  of the alloys t es ted .  

Average mechanical propert ies  a re  l i s t e d  i n  Table I11 and the 

complete s t r e s s  rupture and t e n s i l e  data  a r e  l i s t e d  in 

Tables I V  and V respect ively,  

The discussion of micmstructures will be centered l a r g e l y  

on t h e  s t ruc tu res  observed i n  the 3/4 inch diameter cylinders,  

Reference w i l l  be made t o  the  s t ruc tures  of the c h i l l  ca s t ing  

and of the  p o r t i m  of the melt cooled i n  the  c ruc ib le  only 

when t h i s  sheds addi t iona l  l i g h t  on the s o l i d i f i c a t i o n  process. 

Ten of the f igures  each contain f o u r  photomicrographs: three 

showing sec t ions  representat ive of the t h r e e  cooling r a t e s  i n  

the  exploratory melts,and one showing a sect ion from an 

investment c a s t  t e s t  bar  from a melt t o  which the sirme addf- 

t i o n s  were made 

S h e e  o r i e n h t i o n s  of the  phases were not  determined, no 

exact c l a s s i f i c a t i o n  o f  the eu tec t i c  s t ruc tu res  a s  normal, 

anomlous o r  degenerate was possible ( 3 0 ) 0  It was a l so  not 

f eas ib l e  to  c l a s s i f y  them as continuous o r  discontinuous on 

the  b a s i s  of a two-dimensional section. 

t i o n s  c a s t  were completely l teutecticlt  in the sense t h a t  

p r h a r y  o r  proeutect ic  const i tuents  did not occur, 

Few of the  composi- 

In  many 
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instances,  dendrites o r  primary consti tuents of t h e  phases on 

both s ides  of the  eutect ic  were present i n  c lose  proximity, 

a condition tha t  has been observed i n  o ther  systems (31). 

E f fec t  of Cooling Rate on Micmstructure - -- 
Changes i n  cooling r a t e  can have profound e f f e c t s  on the 

mic m struc tu re  of eutect ic  a l loys  e As was discussed e a r l i e r  

t he  aluminum-silicon eu tec t i c  can be modified without addi- 

t i ons  of modifying agents if it i s  so l id i f i ed  rap id ly  (8). 

In  the iron-carbon-silicon system one of the  const i tuents  of 

the eu tec t ic  can be changed to  another species, i f  the melt 

i s  rap id ly  cooled (32), It has a lso  been pointed out  that i f  

the cooling r a t e  i s  su f f i c i en t ly  rapid, it should be possi- 

b l e  t o  change a lamellar eu tec t i c  t o  a par t icu la te  eu tec t ic  

( 5 ) .  In recognition of t h e  e f f ec t  of  cooling rate on s t ruc tu re  

the exploratory melts were so l id i f ied  a t  three  d i f f e r e n t  rates. 

Although the const i tuent  s ize  was general ly  finer in 

t h a t  p a r t  of the  cas t ing  cooled i n  the  c h i l l  mold than i n  the  

ceramic mold, it was found t h a t  no composition developed a 

completely pa r t i cu la t e  eu tec t ic  s t ruc ture  i n  the c h i l l  mold 

t h a t  d id  n o t  also develop such a s t ruc tu re  i n  the  ceramic mold. 

However, in some of the  c h i l l  castings, a narrow zone on the 

order  of 0.005 t o  0.010 inch thick occurred next t o  the c h i l l  

where the s t ruc ture  consisted of d i scre te  p a r t i c l e s  of the  

subordinate phase i n  the cobalt  o r  n icke l  s o l i d  so lu t ion  matrix. 

Only i n  t h i s  zone can tme be considered t o  have 
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occurred, Whether a par t i cu la t e  or  continuous second phase 

was found next t o  the c h i l l  is indicated i n  the  l a s t  column 

i n  Table I. 

A par t i cu la t e  d i s t r ibu t ion  of t h e  subordinate phase in 

the  ch i l l ed  region invariably resul ted from bomn-containing 

addi t  ions a continuous 

b r i t t l e  in te rdendr i t ic  boron-rich e u t e c t i c  connected the  

p a r t i c l e s  of t h e  subordinate phase of the or ig ina l  binary 

eu tec t ic .  

continuous embrit t l i n g  eut ec t i c  const i tuent  

t o  bomn, 0.1 titanium carbide produced a par t i cu la t e  

eg tec t i c  zone i n  the cobalt-42 chmmium c h i l l  casting. 

pz r t i cu la t c  d i s t r ibu t ion  was also found i n  the cobalt-bS 

tungsten alloys modified by t h e  following additions: 

0.2 magnesium, 0,2 ealcium, 1,O titanium, 0.1 boron, 0.1 

carbon and 1.0 carbon. 

o ther  than the  1.0 carbon modification developed a zone a t  

the c h i l l  in te r face  consisting of minute p l a t e s  of  TaNi3. 

I n  the  1.0 carbon modification equiamd carbides occurred 

instead,  

modified with 0.1 cerium and 0.1 titanium, a l l  the nickel-45 

tungsten c h i l l  cas t ings  had a par t icu la te  zone i n  which tung- 

s t e n  or,  i n  carbon-bearing alloys , an \ double carbide wero 

d i s t r ibu ted  as a s e r i e s  of dots  ou t l in ing  primary nickel ,  

Howeve r , i n  the  c obal t-base alloys 

In  the nickel-base alloys, boron did not form a 

In  addi t ion 

A 

A l l  t he  nickel-37 tantalum a l l o y s  

Except f o r  t h e  unmodified alloy and the  allays 
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Effec t  of Composition - 
Cobalt-10 A l u m b u m  - Figure 7 represents the unmodified 

s t ruc ture  of the  cobalt-10 a lumhum eu tec t i c ,  As etched the 

b r i t t l e  cobal t  aluminum intermetal l ic  appeared as a dark 

continuous network around i s lands  o f  cobalt ,  

however, the CoAl appeared pink, which distinguished it from 

the white cobalt .  Although t h e  macrostructure was columnar, 

the  appearance of t he  cobal t  phase was only s l i g h t l y  

dendri t ic .  

coba l t  t h a t  appeared discontinuous in the  microsection werep 

Before etching, 

It i s  l ike ly ,  nonetheless, t h a t  the i s l ands  of  

i n  three dimensions, continuous through a dendri te  spine. 

Neither 0,1 yttrium nor 0-5 t i tanium altered the  continuous 

network of t h e  CoA1, b u t t h e  titanium made the  macrostructure 

equiwed,  An addi t ion of 0.1 boron coarsened t h e  CoAl and made 

it appear discontinuous, However9 it formed a eu tec t i c  const i -  

t uen t  t h a t  s o l i d i f i e d  on and between the  rounded CoAl consti-  

tuent  so t h a t  the  c o n t k u i t y  of a b r i t t l e  phase was maintained. 

Primary dendrites of ci~ cobal t  became evident a f t e r  an addi t ion 

of 0.1 carbon, and a t h i r d  phase probably a double carbide 

appeared i n  t h e  cobal t  dendrites as a f i n e  prec ip i ta te .  

e f f e c t  o f  the complex addi t ion of  0.1 each boron, carbon, 

titanium, and zirconium was similar  t o  t h a t  of a 0,1 boron 

except more t h i r d  phase was evident, 

The 

The microstructure o f  the 1.0 carbon modified cobalt-10 

aluminum alloy in which CoAl was almost e n t i r e l y  replaced by a 
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double carbide phase Co3Al.C, (33) is shown in Figure 8. 

rounded areas a r e  primary dendrite arms of  cobal t .  

surrounded by a somewhat lamellar cobalt-carbide eu tec t i c  

const i tuent  which has an appearance deceptively s imi l a r  t o  

port ions of t h e  CoAl network eutect ic  of t he  unmodified alloy. 

The dark etching grain b o u d a r y  phaso i s  CoA1. 

condition the carbide was observed t o  have a deeper pink hua 

than the CoAl., 

the  CoAl darkened as it  did on etching in t he  m o d i f i e d  

binary. 

The 

These a r e  

I n  tha unetched 

After etching t h e  carbide remained pink while 

The d i s t r ibu t ion  o f  t h e  carbide was discontinuous, I n  

addi t ion t o  being present i n  the  eu tec t i c  cons t i tuent  between 

the dendri te  arms, it was also present ui thin the  primary 

cobal t  as a par t i cu la t e  prec ip i ta te  

from rounded to  polygonal shapes that worn p r i m r i l y  hexagonal 

idiomorphs, The edges of t h e  hexagons fi any one gra in  tended 

t o  be p a r a l l e l  and the re  was a l s o  a suggestion o f  c rys ta l lo-  

graphic alignment i n  the arrangement of the p a r t i c l e s  i n  t h e  

matrix. 

The p a r t i c l e s  ranged 

Cobdt-b2 Chromium - All but one of t he  cobalt-42 chromium 

a l loys  had a ne tmrk  type of s t ructure  formed by the d phase; 

a11 were s t rongly dendr i t ic  i n  o( cobalt;  a l l  were coarsely 

columnar; and a l l  were b r i t t l e ,  Figure 9 shows the unmodified 

s t ructure .  

discontinuous. 

0nly i n  t h e  0.1 boron modification was t h e  d 
Nonetheless, a continuum of b r i t t l e  phase was 
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maintained by a boron-rich eutect ic  t h a t  formed on and between 

the 4 par t i c l e s .  

modified a l l o y  was similar t o  the 0.1 boron modifications 

except t he  4 was replaced by a f ine  lamellar const i tuent .  

The overa l l  morphology of  t he  1.0 carbon 

Cobalt-37 Molybdenum - The cobalt-37 molybdenum e u t e c t i c s  

usual ly  had an elrtremely fine lamellar st ructure .  

shows the  typ ica l  morphology of the eu tec t ic  consti tuent.  

Figure 10 

While a cen t r a l  r i b  grew p a r a l l e l  t o  the  d i rec t ion  of h e a t  flow, 

the lamellae in some sect ions were almost a t  r i g h t  angles t o  

this direct ion.  The growth pa t te rn  appeared t o  bs s t rongly  

influencad by the  crystal st ructure  of the  bf06c07e 

grains may b e  considered as f i n e  dendrites o f  t h e  molybdenum- 

r i c h  phase i n  a cobal t  matrix, The n l a t i o n s h i p  of the 1amella.o 

The eu tec t i c  

t o  the  r ib  appeared t o  be iden t i ca l  t o  t h a t  found i n  coarse 

primary MOgC07 ndendritesn in some of t h e  modifications. 

Cobalt-4s Tungsten - The macrostructure of t h e  unmodified 

coba.lt-bS tungsten was equiaxed and appeared t o  be determined 

by random nucleation of  t h e  cobalt-tungsten in te rmeta l l ic  

phase wgc070 The structure of the eu tec t ic  const i tuent  was i n  

many respects  similar t o  t h a t  of cobalt-37 molybdenum. This 

is  not surpr i s ing  i n  view of the g r e a t  s i m i l a r i t i e s  o f  t h e i r  

phase diagrams and const i tuent  phases. 

both rhombohedral-hexagonal and isotypfc with Wse7 (26) . 
These compounds a r e  intermediate phases of var iable  stoichiometry 

w(jc07 and MogcO7 a r e  



of the  D85 st ructure  type and are ca l l ed  p phases (34). 

The unmodified microstructure shown i n  Figure 11 con- 

s i s t e d  of p l a t e s  of primaryp near which primary cobal t  was 

nucleated. 

determinations were made, it is not possible t o  say whether 

the primary cobal t  merely nucleated on pre-existing heterogene- 

ous nuc le i  when the regions surrounding t h e  tungsten-rich p l a t e s  

became enriched in cobal t ,  o r  whether they  nucleated on t h e  

W6C07 pla tes ,  

of primary cobalt. 

from many of t h e  flhalOS1* of cobalt surmunding the WgCo7 

p l a t e s  while t he  reminirzg uolume was f i l l e d  with a lamellar  

eu tec t ic  const i tuent ,  

the  eu tec t i c  with t h e  primary cobal t  was evident f r o m  a 

cont inui ty  of s t r i a t i o n s  of a widmanstatten prec ip i ta te  i n  t h e  

cobal t  phase t h a t  could be seen in heavily etched samples of  

the cobalt-bS tungsten alleys.  

the eutec t ic  was nucleated by the cobal t  phase. 

Since no crystallographic or ien ta t ion  re la t ionship  

Every p l a t e  o f  Y&07 was surrounded by a region 

Secondary dendri te  arms of cobal t  grew 

A cont inui ty  of t h e  cobal t  lamellae of  

This cont inui ty  suggests t h a t  

The eu tec t i c  was most f requent ly  lamellar, but  as can be 

seen in Figureilbsorne w6c87 appeared rod-like. 

s t ruc tu re  of t h e  W&07 phase l ike M06C07 exerted a strong 

influence on the  shape of the  eutect ic .  

p a r a l l e l  t o  the d i r ec t ion  of heat flow, t he  lamellae formed a 

pa t t e rn  l i k e  a feather .  

pointed i n  t h e  d i r ec t ion  of growth. 

The c r y s t a l  

Instead of growing 

A cent ra l  r i b ,  representing the sha f t  

The lamellae, representing 



the  barbs, made an acute  angle w i t h  the s h a f t  toward t h e  direc- 

t i o n  of growth. 

r e l a t i v e l y  coarse primary dendritas of W6C07 i n  t h e  cobalt-  

tungsten system, 

This  pat tern was also  adopted by some 

The lamellar eutec t ic  (seen i n  Figure 11) was present in 

a l l  the alleys except the 1,O titanium modification and t h e  

0-1, 0.5 and 1.0 carbon modifications. The addi t ion of 0.1 

carbon resu l ted  i n  many small pr imarypphase  p l a t e s  with 

v i r t u a l l y  no eu tec t ic .  

i n  a much coarser s t ruc tu re  where primary p adopted the  

fea ther  pa t t e rn  of the  eu tec t ic  consti tuent b u t  on a grosser  

scale.  Both of these s t ruc tures  i n  which t h e  eu tec t i c  was 

lacking were equiaxed. When t h e  0.5 and 1.0 carbon addi t ions 

were made the C o - p  eu tec t i c  was replaced by a C 0 - T  carbide 

eu tec t i c ,  In  these modifications the  primary was also 

replaced by primary q . 

The addition of  1.0 titanium. resul ted 

P 

The addi t ion  of 0,1 boron resul ted in many coarse eu tec t ic  

c e l l s  and few primary W6C0-7 plates ,  with a boron-rich eu tec t i c  

joining t h e p  phase lamellae of t h e  eu tec t ic ,  

calcium, yttrium, t i tanium and aluminum addi t ions changed tho 

unmodified s t ruc tu re  i n  degree but not i n  kind. 

instances where the  macrostructure w a s  equivced the  gra ins  

appeared t o  nucleate on the tungsten-rich phase. 

s t ruc tures  the  o( cobal t  dendrites appeared to be t h e  first 

cons t i tuent  t o  nucleate. 

Magnesium, 

In  those 

In  columnar 



- 28 - 

The s t ruc tu re  of t h e  0.2 carbon modification which i s  

shown in Figure 1 2  was dominated by primary cobal t  dendri tes  

that grew f r o m  t h e  surface of t h e  casting to i t s  center.  

Very l i t t l e  primary wbC07 was present,although one small pla te  

can be seen i n  Figure 12c wfiich repmsents  a sect ion from a 

t e s t  bar  of t h i s  modification. 

were two eutect ics .  

the  Co-WgCo7 f ea the r  p a t t e r n  found i n  the  unmodified eutect ic .  

The o the r  was a Co-\ carbide eutectic.  

be seen i n  Figure 12b, 

gies:  

0,s carbon modification and w a s  similar t o  a const i tuent  

i den t i f i ed  as  7 by Rautala and Norton (35); 

s imi l a r  t o  t h e  f ea the r  pa t t e rn  of the  W6Co7. 

bone lamellae were observed t o  grow dimct ly  from t h e  coarser  

r e l a t i v e l y  s t r a i g h t  lamellae that had t h e  same external shape 

as the  W6C07 lunellae. The coarse lamellae o f  T h a d  speckled 

surfaces t h a t  may have been due t o  the  prec ip i ta t ion  of  small 

volumes of cobal t  so l id  solution i n  lamellae t h a t  had so l id i -  

f i e d  as w&07e 

lamellae of Wf,cO? t h a t  had unbroken surfaces except f o r  grain 

boundaries beween the two phases present i n  a s ingle  lamella 

t h a t  were observed a f t e r  agressive etching, 

revealed t h e  widmanstatten pa t te rn  i n  t h e  cobal t  matrix 

re fer red  t o  e a r l i e r o  

t a t i o n  of C03W ( 3 6 )  and w a s  pa r t i cu la r ly  evident i n  slowly 

In t h e  in te rdendr i t ic  regions 

The first one t o  f reeze  was typica l  of 

Both e u t e c t i c s  can 

The \ appeared to have t w o  morpholo- 

one a fish-bone pa t t e rn  which was also  present  in  an 

the o t h e r  was 

The f i n e  f i s h -  

The 9 lamellae appeared t o  be continuous with t h e  

This etching also 

It was probably t h e  r e s u l t  of t h e  precipi-  
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cooled castings.  

Nickel-37 Tantalum - The unmodified nickel-37 tantalum 

eu tec t i c  (Figure 13) was characterized by large t h i n  plate-  

l i k e  dendr i tes  of primary TilEIi3. 

some over 1 /2  inch long, extending across  the polished sect ions.  

T h a t  they  were i n  f a c t  p l a t e s  was evident from an examination 

of t h e  self decanted surfaces  found in shrink holes. Free 

standing T d i 3  p l a t e s  t h a t  looked like two-dimensional dendri tes  

had subs tan t ia l  cen t ra l  r i b s  but tapered t o  f ea the r  edges. 

growth appeared t o  be completely random, independent of t he  

growth of the  nickel matrix and of each other.  

boundaries i n  t h e  matrix there  was l i t t l e  t h a t  could b e  

considered as a e u t e c t i c  structure.  Only when carbon o r  boron 

addi t ions were made, did t h e  nickel-37 tantalum alloys contain 

a s ign i f i can t  eu tec t ic  consti tuent 

amounts of a sc r ip t - l i ke  eu tec t ic  const i tuent  and boron formed 

a f i n e  lamellar eu tec t i c  on the TaNi3 p la tes ,  

addi t ions had a s ign i f i can t  e f f ec t  e i t h e r  on the  primary TaNi3 

p l a t e s  nor  formed a eutec t ic  consti tuent.  

They wen evident  as  needles, 

Their 

Even a t  grain 

Carbon resu l ted  i n  small 

None of  t he  o t h e r  

The addi t ion of 0.1 percent carbon had l i t t l e  e f f e c t  on 

It did, however, introduce a new phase the  overa l l  s t ruc ture .  

presumably the hexagonal tantalum carbide Ta2C. 

t h a t  tantalum does not  form a double carbide with nickel ,  

although i t  does form t r i p l e  carbides (37). 

idiomorphs of the new phase were almost randomly dispersed i n  

Kuo has s t a t e d  

Small hexagonal 



- 30  * 

I 
I 

both phases, being only s l i g h t l y  smaller and less concentrated 

i n  the p l a t e s  of  primary TaNi3 than in t h e  nickel matrix.  

From t h i s ,  one would conclude t h a t  t h e  carbide nucleated 

ne i ther  primary nickel nor TaNi3,  and was present as a pro- 

eu tec t i c  s o l i d  b e f o n  e i the r  of the other phases s t a r t e d  t o  

so l i d  if y . 
The addi t ion of one percent carbon a l t e r ed  t h e  s t ruc ture  

d r a s t i c a l l y  by completely eliminating t h e  plate- l ike phase. 

The modified s t ruc tu re  i s  shown in Figure 14- 

T d i 3  p l a t e s  were replaced by compact idiomorphs of Ta2Ce 

The p l a t e s  of 

The randomly dispersed carbides occurred as polyhedral 

idiomorphs. 

cles even a t  the chil l-metal  in te r face  (Figure 140) indicated 

tha t  some of the  carbide w a s  proeutectic.  However, part icu-  

larly in the slowly cooled port ion of t h e  melt (Figure lbc),  

there  was evidence of a scr ipt- l ike carbide eu tec t ic  consti-  

tuent .  The eutec t ic  adopted a roset te- l ike pa t te rn  ( l a t e r  to 

be discussed under nickel-tungsten) wherein a primary carbide 

p a r t i c l e  a t  t h e  center  was surrounded by t h e  nickel-rich 

matrix phase which i n  turn was surrounded by the sc r ip t - l i ke  

eu tec t ic  ., 

The presence of r e l a t i v e l y  large carbide p a r t i -  

Nickel-45 Tungsten - Nickel and tungsten s o l i d  so lu t ions  

form a eutec t ic  a t  45 weight percent tungsten. 

shown i n  Figure lS0 

accounts f o r  about 5 percent of the  volume, 

I ts  s t ruc ture  is 

A t  equilibrium the  tungsten-rich phase 

The unmodified 
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eu tec t i c  s t ruc ture  was l a rge ly  columnar i n  t h e  3/4 inch 

diameter cast ing,  

surface almost to the  center of the 3/4 inch diameter cast ing.  

Around t h e  n icke l  dendri tes  was a general ly  rod-like eu tec t ic  

which had a l imited amount of plate-l ike tungsten const i tuent  

Where t h e  tungsten rods were p a r a l l e l  t o  the nicke l  dendri te  

arms and both were a t  r i g h t  angles to t h e  plane of polish,  t h e  

n icke l  matrix of t he  eu tec t ic  was of ten continuous with the  

n icke l  of  t h e  primary dendrites,  indicat ing t h a t  primary n i cke l  

nucleated t h e  eutect ic .  

Primary nickel dendri tes  extended from the 

A s  close as 1/8 inch t o  t h e  surface of t h e  3/4 inch 

diameter casting, but predominantly a t  the l / 4  inch mark were 

primary tungsten dendrites These dendri tes  were rudimentary 

i n  tha t  t h e y  were l imited t o  simple shapes such as polygons, 

t r e f o i l s ,  small crosses o r  cloverleafs,  

of r e l a t i v e l y  equfaxed eu tec t i c  grains  o r  cells. 

cen t r a l  tungsten dendrite was completely separated from the  

eu tec t i c  surrounding it by a region o f  primary nickel. 

ever, some of the tungsten dendri tes  had rods o r  lamellae 

growing d i r e c t l y  from them, as can be seen in Figure l s b -  

They formed the  centers  

Usually the  

How- 

Sometimes, the eu tec t ic  tungsten was unmistakeably l i ned  up 

with the axes of a tungsten dendrite i n  the center  of a 

rose t t e ,  

the  primary nickel  dendri tes  was a pear l i te - l ike  consti tuent.  

A gra in  boundary between the nickel matrix of t h e  npearli te" 

A t  t he  center of t he  3 / h  inch diameter cas t ing  in 
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and the primary nickel dondrite i n  which i t  formed indicated 

t h a t  it was a c e l l u l a r  prec ip i ta te  (38) ( 3 9 ) .  It was not  

dotemined whether the  prec ip i ta t ing  phase was tungsten o r  

rJNi4 
solut ion below about 1780'F. 

which i s  the  phase i n  equilibrium with nickel  so l id  

Tho formation of primary tungsten dendri tes  was 

suppressed by the  following additions: 0.1 magnesium, 0.1 

yttrium, 0.1 lanthanum, 0.1 cerium, 0.1 boron a d  0.1 aluminum. 

The addition of 0.1 titanium o r  0.1 zirconium increased t h e  

number of primary tungsten dendrites e 

eutec t ic  was p a r t i a l l y  replaced by a nickel-carbide eu tec t i c  

when 0.1 carbon was added. 

an addition of 1.0 carbon. 

The nickel-tungsten 

No tungsten phase was evident a f t e r  

The boron modified microstructure (Figure 16) was d i f f e ren t  

Vi r tua l ly  no from the unmodified s t ruc ture  in  several  respects .  

primary tungsten ttdsndrites" wore present. 

t u r e  was more columnar and the  primary n icke l  dendri tes  were 

much f i n e r  and more uniform than i n  the unmodified castings.  

The tungsten eu tec t i c  consti tuent,  howovrr, was coarser  and 

more rounded and was arrayed i n  a more curved, less geometric, 

fashion than was t rue  f o r  the  unmodified eutect ic .  

The macrostruc- 

As discussed previously the tendonc,y t o  agglomerate the  

subordinate (non-matrix) phase was a cha rac t e r i s t i c  of boron 

i n  a11 the systems to  which it was added. Small amounts of a 

dark etching, f i n e  lamellar second eu tec t ic  which occurred on 
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the  surface o f  some of the tungsten p a r t i c l e s  were presumed 

t o  be a boron-rich eutect ic .  

A fu r the r  difference between the  boron modified and t h e  

unmodified s t ruc tu res  was a prec ip i t a t e  in primary n icke l  

dendrites, which appeared t o  be variant  of the t yp ica l  

c e l l u l a r  prec ip i ta te  observed near t h e  center  of t h e  3/4 inch 

diameter unmodified nickel-tungsten cast ing,  

modified alloy, t h e  prec ip i ta te ,  presumed to be tungsten, 

was d i s t r ibu ted  throughout the castings, and was not contained 

i n  a clearly defined recrys ta l l ized  c e l l .  

evidence of recrys ta l l iza t ion  was detectad i n  the regions of 

the p rec ip i t a t e  when oSlique i l lumination was used. 

In  the boron 

Nonetheless, 

The s t ruc tu re  of  t he  nickel-&S t m g s t e n  p l u s  1.0 titanium 

alloy shown i n  Figure 1 7  was made up of globular p a r t i c l e s  of  

tungsten i n  a matrix of nickel  s o l i d  solution. 

of tungsten appeared t o  be o f  two types: 

primary tungsten dendri tes  and (2) a globular  eu tec t ic  consti-  

tuent ,  The globular eu tec t ic  consti tuent could be distinguished 

from the  primary tungsten p a r t i c l e s  by i t s  somewhat elongated 

shape and i t s  loca t ion  a t  grain boundaries o r  the  heavi ly  cored 

dendri te  c e l l  boundaries. The formation of t he  rod-like 

eu tec t i c  w a s  e n t i r e l y  suppressed, 

The globules 

(1) rudimentary 

The microstmcture  of nickel-& tungsten eu tec t i c  modified 

by t h e  complex addi t ion of 0.1 each (boron, carbon, titanium, 

and zirconium) is shown in Figure 18, 
dendri tes  were completely lacking i n  t h i s  modification j u s t  as 

The tungsten primary 
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they were i n  the  0 , l  bomn mcdification. A t  a magnification 

of X l O O  the microstructure apptsred very similar t o  t h a t  of 

the 0 , l  boron modification. A t  higher magnification, how- 

o v r r i t  was seen t h a t  the gross pa t te rn  of a tungsten-rich 

consti tuent around primary n i cke l  dendri tes  was f s m e d  by a 

d i f f e ren t  phase. The rounded scr ipt- l ike tungsten eu tec t i c  

had been replaced by a discontinuous angular, massive carbide 

and a fish-bone eu tec t i c ,  both believed t o  be the  

(40). 

tungsten cons t i tuent  were found concentrated a t  the  surface 

and center of the 3/4 inch diameter cy l indr ica l  cast ing,  

carbide .a 
However, a few small eutect ic  c e l l s  of the  scr ip t - l ike  

Although one might expect a grain re f in ing  e f f e c t  f r o m  

carbides and borides of the Group I V  elements, t i tanium and 

zirconium ( 2 7 )  (28) no such e f f ec t  was noted. The gra ins  of 

the  cast ing wi th  the complex addition were r e l a t i v e l y  coarse  

and columnar. 

t h e  melt revealed the  presence of both forms of the c e l l u l a r  

p rec ip i t a t e  found in the 0,1 boron modification,, However, 

somewhat l e s s  of this const i tuent  was present than i n  t h e  0.1 

boron modification. 

An examination of t h e  slowly cooled port ion of 

Choice of  Compositions t o  be Tested 

Microstructure w a s  used as t h e  bas i s  f o r  se lec t ing  the 

-- - 

compositfons f o r  which mechanical propert ies  would be obtained 

from the sixty-four exploratory types, The chief  c r i t e r i o n  
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w a s  t h a t  the  matr ix  phase appeared t o  be continuous. 

the  shape of t h e  subordinate phase should not  be plate- l ike.  

Although rod-like morphologies were t e s t ed ,  t he  preferred 

eu tec t ic  const i tuent  shape was an equiwed one. 

with angular t o  sub-angular consti tuents were t e s t e d  providing 

the  shapes were r e l a t i v e l y  small and equiaxed. 

e x t r e m e l y f h e  equiaxed dispersion was not achieved in a cas t  

s t ruc ture  except in a small layer  near  t he  c h i l l  mold surface,  

and this layer  could not  be tes ted.  

Further, 

Microstructures 

The i d e a l  o f  an  

Additional c r i t e r i a  used in the evaluation of  some of 

t h e  nickel-tungsten eu tec t ics  were the absence o f  the primary 

tungsten const i tuent  and a f i n e r  cons t i tuent  s i z e  i n  the 

eu tec t i c  tungsten phase, 

was considered, Since i n  many of t he  s t ruc tu res  the matrix 

was present i n  a columnar dendri t ic  s t ruc ture ,  those s t ruc tu res  

were sought i n  which there  were no long paths through the  

matrix uninterrupted by a dispersed phase. 

Finally the  d i s t r ibu t ion  o f  t h e  matrix 

MECHANICAL PROPERTIES 

Of the sixty-four exploratory melts made, nine had mfcm- 

s t ruc tu res  which showed promise o f  improved s t rength o r  

d u c t i l i t y .  

cobalt-45 tungsten p lus  0.2 carbon, nickel-37 tantalum plus 

1,O carbon and nickel-& tungsten p lus  the following additions: 

0.1 boron, 1.0 titanium, 0.1 each (boron, carbon, t i tanium and 

These were cobalt-10 alumhum p l u s  loo carbon, 

I 
I 
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zirconium), 0,l yttrium and 0.1 lanthanum, Melts of these 

compositions were c a s t  i n to  t e s t  bars and were t e s t ed  i n  

tension at reom temperature and stress rupture t e s t e d  a t  

1800'F. 

above a r e  summarized i n  Figures 20 through 2s0 

,each show the  micrsstructure at a magnification of X l O O  

(reduced approximately 25% i n  pr in t ing)  of an unmodified 

The r e s u l t s  from the f i r s t  six compositions l i s t e d  

These f igu res  

a l l o y  and of a modified a l loy  of t he  sane base. 

show 1800'F stress rupture curves and give the  r e s u l t s  of 

reom temperature t e n s i l e  t e s t s .  

They also 

The superior  propert ies  of the cobalt-10 aluminum plus 

1.,0 corbsn modification a r e  shown in Figure 20. 

and 5000 p s i  the modified al loy  had a l i f e  of 168 heurs 

compared t o  7,,3 hours f o r  the unmodified, 

1,5',000 ps i ,  a specimen with a 0,1 hour l i f e  had mer 80 per- 

cent  elongation, On the  bas i s  of hardness, Rc 32.5 unmedifird 

and R, 23,O modified, one would expect b e t t e r  t ens i l e  s t rength 

f o r  the unmodified al loy,  Hswever, because of lw d u c t i l i t y  

( l e s s  than 1,O percent elengation) the  t rue  ult imate s t rength  

of the unmodified alloy was not reached, 

mere duc t i l e  ( 3 0 5  percent elongation) 

reached a higher ultimate tens i le  strength,  100,bOO p s i  

campared t e  77,000 p s i  f o r  the unmedified al lay.  

f rac ture  of the  unmodified shewed cleavage facets while the  

carbon modified a l l e y  had a fibrous dendr i t ic  f rac ture .  

A t  18OOeF 

A t  1800'F and 

A s  a r e su l t  t he  

medified specimens 

The t e n s i l e  
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The improved propert ies  resul t ing from the 0.2 carbon 

modification of the eu tec t ic  cobalt-45 tungsten a r e  shown in 

Figure 21, The ultimate t ens i l e  strength was 102,200 p s i  

and the elongation was kss than one percent,  The average 

s t r e s s  rupture l i f e  was on ly  hours and the average elonga- 

t i o n  was 26 percent a t  15,000 p s i  and 1800°F. 

addi t ion of 0,2 carbon the stress rupture proper t ies  a t  1800'F 

were considerably improved; 

was 38 hours and the  elongation was 10.5 percent, 

room temperature t e n s i l e  strength was increased t o  125,000 p s i  

the  elongations remained low, l e s s  than one percent. 

hzrdness nf t.he modified and unmodified alloys were v i r t u a l l y  

t h e  same Q 49-5 and 

After  the 

the average l i f e  a t  15,000 p s i  

Although 

The 

respectively,  

Figure 22  shows t h a t  the 1,O carbon modified nickel-37 

tantalum alloy was s l i g h t l y  be t t e r  than t h e  unmodified alloy 

in t e n s i l e  strength (86,200 p s i  compared t o  74,500 p s i )  and 

had an appreciably b e t t e r  l i f e  (74 hours compared t o  15 hours) 

a t  5000 p s i  and 180O0F0 

improved, 7 0 5  percent aga ins t  less than one percent f o r  the  

unmodified alloy, which fractured by cleavage of the T i N i 3  

plates .  

the  s t r e s s  r u p t u n  specimens as well. The hardness o f  the 

unmodified alloy was & 25 while t h a t  of the modified alloy 

was only % 1405 

Its tens i le  d u c t i l i t y  was much 

The same type of  b r i t t l e  f r ac tu re  also occurred i n  

The addi t ion of 0,l boron improved both t h e  1800°F s t r e s s  



rupture propert ies  and the mom temperature t ens i l e  proper t ies  

of the  nickel-45 tungsten eu tec t i c  which a re  shown i n  Figure 

2J0 

l i f e  was approximately 30 hours a t  15,000 p s i  and 18OO0F. 

The ult imate t ens i l e  strength was  155,000 psi ,  b u t  the elonga- 

t i o n  was less than one percent, 

msul ted  i n  a modest increase i n  stress rupture l i f e  a t  18OO0F. 

For a s t r e s s  of 15,000 p s i  t h e  l i f e  was almost double t h a t  of 

the unmodified alloy, The average t e n s i l e  s t rength  and elonga- 

t i o n  were increased t o  187,500 p s i  and 4 . 2  percent respectively.  

The hardnesses were almost t he  same, Rc 43 f o r  t h e  unmodified 

alloy and B, h4 f o r  the modified, 

I n  t h e  unmodified condition the average stress rupture 

The addi t ion o f  0,1 boron 

The b e s t  s t r e s s  rupture propert ies  of any of the  a l loys  

t e s t ed  were exhibited by an al loy  of t h e  composition nickel-37 

tungsten-.09 boron, This alloy had a life of almost 350 hours 

a t  180OoF and 15,000 ps i .  

contention of Grigorovich (25) t h a t  off-eutect ic  a l loys  have 

b e t t e r  high temperature propert ies  than  alloys of eu tec t ic  

compo s i t i o n  

This confirms t o  some exten t  the 

The t e n s i l e  s t rength of the nickel-ks tungsten alloy w a s  

decreased from 155,000 p s i  t o  121,700 p s i  by the  addi t ion of 

1,O percent t i tanium but the elongation was increased from less 

than  one percent  to f i v e  percent. 'These r e s u l t s  are summarized 

i n  Figure 240 

and modified nickel-45 tungsten a l loys  crossed a t  approximately 

The 1800'F s t r e s s  rupture curves of  t h e  unmodified 
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20,000 p s i  and 1T05 hours. 

had a b e t t e r  s t r e s s  rupture l i f e  than the  unmodified al loy.  

For example, at 1800OF and l5,OOO p s i  i t s  average l i f e  was 

101 hours compared t o  30 hours f o r  t h e  unmodified al loy.  

A t  low s t r e s ses  the modified a l l o y  

The complex addi t ion o f  0,1 percent each o f  boron, 

carbon, t i tanium and zirconium increased s t r e s s  rupture l i f e  

a t  1800°F and improved mom temperature t e n s i l e  d u c t i l i t y ,  

b u t  lowered t e n s i l e  s t rength  s l igh t ly .  

presented in Figure 2s0 

temperature of 1800'F the  life was 76 hours compared t o  30 

hours f o r  the unmodified a l loy ,  

was 147,500 p s i  compared t o  l55,OOO p s i  f o r  the  unmodified 

alloy while the  d u c t i l i t y  was increased f r o m  l e s s  than 1 per- 

cent  to 2,2 percent,  

same as the  R, 43 of the unmodified a l loy ,  

These r e s u l t s  a r e  

A t  a s t r e s s  of 15,000 p s i  and a 

The modified t e n s i l e  s t rength 

The hardness of Rc 4.l was nearly t h e  

MECHANISMS OF*MODIFICATION - AND EXPLANATION - OF STRUCTURAL CHANGES 
__s AWD PROPERES 

The mechanism of any so l id i f i ca t ion  process must be con- 

s idered in  terms of nucleation and growth. Modification of a 

binary eu tec t ic  s t ruc ture  can be af fec ted  by a l t e r i n g  the 

nucleat icn o r  growth cha rac t e r i s t i c s  of one o r  both of t h e  

phases., This can sometimes be done without the introduction of 

a t h i rd  phase, However, i n  many o f  the compositions i n  t h i s  

inves t iga t ion  the addi t ion was su f f i c i en t  t o  introduce s m a l l  

amounts of a t h i r d  phase or  t o  replace e n t i r e l y  one o f  t h e  
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phases by another. 

t h e  s t r u c t u r a l  modificLtions E:S well a s  t h e i r  e f f e c t  on proper- 

t i e s  w i l l  be discussed. 

In  t h i s  section, mechanisms t o  account f o r  

Formation o f  a Third Phase ---- 
I n  f i v e  out  of the six modifications t h a t  exhibited improved 

properties,  a s ign i f i can t  amount o f  a t h i r d  phase was found, 

The replzcing o f  the la rge ,  b r i t t l e  p l a t e s  of T a N i  

idiomorphs of Ta2C i n  nickel-37 tantalum and the b r i t t l e  net-  

work of C o A l  by a discontinuous double carbide i n  cobalt-10 

aluminum, was accomplished by t h e  addition o f  1,O percent 

by equiaxed 3 

carbon, 

i n  both alloys and moderate increases i n  t e n s i l e  strength.  

This resu l ted  i n  subs tan t ia l  improvements i n  d u c t i l i t y  

The 

improved strengths were probably the d i r e c t  r e s u l t  of the  

increased d u c t i l i t y ,  s ince hardness measurements o f  bo th  alloys 

indicated t h a t  t h e  unmodified alloys should be the  stronger. 

The unmodified alloys were probably so b r i t t l e  t h a t  t h e i r  f u l l  

t e n s i l e  s t rength  poten t ia l  could not be achieved. 

An addi t ional  bu t  probably minor contr ibut ion to t h e i r  

s t rength  C ~ G  from carbides dispersed i n  t h e  s o l i d  solut ion 

matrix of each of these al loys.  Although present as a eutec t ic  

const i tuent  in cobalt-hS tungsten and nickel-45 tungsten t o  

which small  addi t ions of c u b o n  were made, 11 carbide p a r t i c l e s  

were r e l a t ive ly  w e l l  dispersed where they could d s o  contr ibute  

t o  the general s t rength of the alloys. The s ingle  additions of  

boron as well as carbon resul ted i n  the  formation o f  grain 
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boundary strengthening const i tuents  t h a t  resul ted i n  improved 

s t ress-rupture  properties.  

The combined addition of boron, ciirbon, titanium a d  

zirconium formed massive carbides t h a t  were too coarse and 

too angular t o  provide the combination of  room temperature 

s t rength  and d u c t i l i t y  found w i t h  t h e  0.1 bomn addition. 

However, t h e i r  presence a t  the grain boundaries contributed t o  

t h i s  alloyfs greater  s t r e s s  rupture l i f e .  

T 

Control of Nucleation 

Boron and t i tanium exerted opposite a f f e c t s  on the forma- 

t i o n  of nuc le i  of the primary tungsten phase i n  the nickel-45 

tungsten alloys, 

the number of rudimentary primary tungsten dendri tes  found, as 

shown i n  Figure 30. 

was also found will be discussed under "growth". 

of p a r t i c l e s  competing for t he  avai lable  tungsten favored a 

smaller, less developed primary tungsten const i tuent ,  I n  

contrast ,  boron almost en t i r e ly  suppressed the formation of 

primary tungsten dendri tes  t ha t  was observed in the unmodified 

nickel-& tungsten; 

able t o  form a eutec t ic  consti tuent.  

Increasing additions of t i tanium increased 

The par t icu la te  eu tec t i c  consti tuent which 

The number 

a s  a consequence, more tungsten w a s  avai l -  

The s t ruc tu res  resu l t ing  from these two addi t ions were 

s imilar ,  although achieved by d i f f e ren t  means, 

occurred as rounded o r  globular particles 

so lu t ion  matrix and resul ted i n  subs tan t ia l  improvement in 

The tungsten 

i n  a nicke l  w l i d  



. 

d u c t i l i t y  over the  rod-like tungsten phase i n  the unmodified 

al loy.  

improved high-temperature strength.  

a c e l l u l a r  p rec ip i t a t e  occurred shor t ly  a f t e r  s o l i d i f i c a t i o n  

and was avai lable  t o  increase room temperature t e n s i l e  s t rength  

as well a s  s t r e s s  r u p t u n  l i f e .  

a general  p rec ip i t a t e  occurred during t e s t i n g  a t  1800OF and 

increased s t r e s s  rupture life a t  low s t resses .  A general  

p rec ip i t a t e  t h a t  may have contributed t o  i t s  s t r e s s  rupture 

l i f e  was also observed i n  the matrix of the cobalt-45 tungsten 

0.2 carbon modification,after tes t ing,  i n  grea te r  amounts than 

observed i n  the unmodified alloy, 

Both alloys formed prec ip i ta tes  which resu l ted  i n  

I n  t h e  boron modification, 

In the t i t a n i u m  modification, 

Control of  Growth - 
Growth of a eu tec t i c  can be control led d i r e c t l y  by t h e  

growth r e s t r i c t i n g  e f f e c t  of a modifying element concentrated 

a t  the so l id- l iqu id  in te r face  of  a growing phase, Growth can 

be i n d i r e c t l y  control led by changes i n  surface energy t h a t  

determine the shape of t he  interface or  by  se l ec t ive  consti tu- 

t i o n a l  supercooling t h a t  permits one phase t o  grow a t  the 

expense of another,  

The s t ruc tu re  of t h e  cobalt-hS tungsten p lus  0,2 carbon 

a l l o y  is believed t o  be the d i r e c t  r e s u l t  of carbon concentra- 

t i o n s  a t  the in te r face  r e s t r i c t i n g  t h e  growth of w6c07 by 

i n t e r f e r r i n g  w i t h  the t ranspor t  of cobal t  and tungsten atoms 

across  the  so l id- l iqu id  in te r face ,  As a r e s u l t ,  t h e  mel t  under- 
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cooled su f f i c i en t ly  f o r  p r i m a y  cobal t  t o  be nucleated a t  t h e  

surface of t he  cas t ing  before s ign i f i can t  growth of t he  in t e r -  

meta l l ic  phase had occurred. 

a f t e r  t he  growth of primary dendrites of cobal t ,  it was present  

as a dispersed eu tec t ic  const i tuent  ra ther  than t h e  large,  

primary p l a t e s  found i n  the  unmodified alloy. 

t ens i l e  s t rength was increased, the  increased d u c t i l i t y  a n t i c i -  

pated from the elimination of t h e  l a rge  plate- l ike primary 

const i tuent  was not real ized.  

butable t o  an embri t t l ing widmanst8tten prec ip i ta te  (probably 

C03W ( 3 6 ) )  i n  the matrix. 

Since most of t h e  W6Co7 formed 

Although the 

The lack of  d u c t i l i t y  i s  a t t r i -  

Boron and titanium additions to the  nickel-45 tungsten 

a l l o y  are believed to  have produced a globular eu tec t ic  con- 

s t i t u e n t  by increasing the surface energy, 

surface energy of t he  phase boundary between two const i tuents  

of a eutec t ic ,  the grea te r  is  the tendency f o r  a lamellar  eutec- 

t i c  t o  become globular. 

competition f o r  ava i lab le  tungsten may have also contributed 

t o  t h e  formation of the rounded, rudimentary primary dendri tes  

found i n  the  nickel-bS tungsten plus  1,O titanium a l loy  as 

compared to the formation of  more developed tungsten dendri tes  

i n  the alloys containing l ess  titanium, 

The g rea t e r  the 

Surface energy e f f ec t s  as well a s  

The d i s t r ibu t ion  of coef f ic ien ts  of boron i n  nickel  and 

tungsten a re  almost the same, as are t h e  slopes of  t h e  l iquidus 

l i n e s  of nickel-boron and tungsten-boron phase diagrams (h ) 
(42)  so t h a t  the  conditions f o r  se lec t ive  cons t i tu t iona l  super- 
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cooling do not ex is t .  

the  c r i t e r i a  f o r  a solute  t o  cause select ive cons t i tu t iona l  

supercooling in the nickel-bS tungsten eu tec t i c  (26) e Altheugh 

general cons t i tu t iona l  supercooling would increase t h e  l i k e l i -  

hood of nucleating a second phase in  advance of a growing 

dendrite arm, se l ec t ive  const i tut ional  supercooling would be 

more l i k e l y  t o  prochce a globulgr eu tec t ic  const i tuent .  

Nonetheless, a globular tungsten eu tec t ic  cons t i tuent  was 

found i n  the  nickel-45 tungsten alloys a f t e r  the addition of 

e i the r  0.1 boron o r  1.0 titanium. It is believed t h a t  i t s  

formation was re la ted  t o  a tendency fo r  the rod-like eu tec t ic  

const i tuent  of t h e  unmodified a l loy  t o  thicken on approaching 

a grain boundary, 

cha rac t e r i s t i c  e f f e c t  of  small titanium addi t ions In some 

instances, the rods near t h e  grain boundaries appeared t o  have 

been pinched o f f  by the  n icke l  matrix and t o  have become 

globules; both conditions a re  typ ica l  of what has been observed 

i n  o ther  eu tec t ic  systems (43) (44). 

On the other hand, t i tanium does meet 

Increased thickening of rod ends was a 
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The r e s u l t s  o f  s t r e s s  rupture t e s t i n g  of  f o u r  d i f f e r e n t  

high temperature eu tec t ic  compositions has  indicated t h a t  

modification i s  capable of producing appreciable improvements 

i n  these propert ies ,  All s t r e s s  rupture t e s t s  were conducted 

a t  1800°F i n  a i r s  

tantalum alloys were t e s t ed  a t  an ini t ia l  stress of 5000 ps i ,  

addi t ions of o m  percent carbon resul ted i n  improvements i n  

s t r e s s  rupture l i v e s  of up t o  23 times. When the cobalt-& 

tungsten and nickel-45 tungsten alloys were t e s t e d  a t  an 

i n i t i a l  s t r e s s  of 15,000 psi, t h e  addi t ions of small amounts of 

modifiers such as boron, carbon and titanium increased t h e  

stress rupture l i f e  a maximum of s i x  times. While t h e  combina- 

t ions  of stress-temperature-rupture l i f e  conditions t h a t  can be 

achieved by these modified eutect ic  a l loys  a re  s t i l l  below the 

optimum a t ta inable  i n  c a s t  superalloys, the u t i l i z a t i o n  of modi- 

f i c a t i o n  t o  improve cast eu tec t ic  s t ruc tures  and stress rupture 

propert ies  of c a s t  superalloys appears feas ib le .  

When the  cobalt-10 aluminum and nickel-37 

1 

In  general  the improvement i n  stress rupture propert ies  

obtained with modification was accompanied by improved room 

temperature d u c t i l i t y .  The carbon modification of t h e  cobalt-10 

aluminum and nickel-37 tantalum eu tec t i c  resu l ted  in appreciable 

improvement in t e n s i l e  elongation and also  a smaller increase in 

t e n s i l e  strength; carbon modification of  the  cobalt-bS tungsten 

eu tec t i c  did not  improve tens i le  d u c t i l i t y ,  b u t  increased tho 

- 45 - 



t ens i le  s t rength,  Modification of the  nickel-45 tungsten 

eu tec t ic  with small amounts of boron and t i tanium also 

improved t e n s i l e  duc t i l i t y ,  

These improvements i n  mechanical propert ies  were accom- 

plished by a l t e r i n g  the shape, d i s t r ibu t ion  and type of phases 

present  i n  t h e  cast s t ructure .  The s t r e s s  rupture l i f e  and 

t ens i l e  s t rength  of t h e  cobalt-10 aluminum, nickel-37 tantalum 

and nickel-45 tungsten alloys were increased by obtaining a 

more f i n e l y  dispersed secondary phase i n  the primary matrix. 

In  the case o f  these as well as the cobalt-hs tungsten eutect ics ,  

the  s t r e s s  rupture propert ies  were also improved by the  f o r m -  

t i o n  of borides o r  carbides a t  the grain boundaries. 

l i t y  was increased by producing subordinate phases of a more 

The ducti-  

equiaxed s t ruc ture  and a more random dispersion in the matrixe 

The mechanisms by which the  s t ruc tu res  were a l t e r ed  by 

modification appear t o  be control of: t h e  phases which so l id i -  

f i ed ,  t h e  number of nuc le i  f o r  these phases and their growth 

conditions,  The subs t i tu t ion  of a carbide f o r  a binary i n t e r -  

metal l ic  phase resu l ted  i n  the  modification observed i n  the 

cobalt-10 aluminum and the nickel-37 tantalum eutec t ics ,  The 

modification of the cobalt-kS tungsten a l l o y  appeared t o  be t h e  

r e s u l t  of growth r e s t r i c t i o n  of the  e u t e c t i c  phases, 

ca t ion  of  t he  nickel-45 tungsten eu tec t i c  was apparently accom- 

pl ished by both cont ro l l ing  the presence of nuc le i  and the condi- 

t i o n s  of  growth. 

The modifi- 
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TAELES 



TABLE I. - SUMMARY OF COMPOSITIONS CAST AND 

-_--I_ 

Ceramic-cast 3/4 inch 
diameter cylinder 

Eutectic Primary Macro- 

present 
morph- phases s t ruc ture  
OlO@;Y -__I_-_-. 

RESULTING MICROSTRUCTITRXS 

Distr ibut  i on 
of b r i t t l e  
phase a t  

chi l l -metal  
in te r face  

I ..-_-_-- 

vlodif ying 
Xddit i on, 
weight 
percent 

None Columnar 
None Columnar 
None Equiaxed 
CLCO dendrites Columnar 
CLCO dendrites 
UCG dendrites 
CLCO dendrites I 

Iu. *1......... 

Continuous 
Continuous 
Continuous 
Par t icu la te  
Continuous 
Continuous 
Par t icu la te  

~~ .~~ ~~ 

Jnmodified I Network 

Columnar 
Equiaxe d 
a1/4 Col. 
C o l w a r  
"1/8 Col. 
"1/4 Col. 
Columnar 

I I  3.1 Y 
3 .1  T i  

Continuous 
Part  i cula t  e 
Continuous 
Par t icu la te  
Continuous 
Continuous 
Continuous 

3.1 B 
3.1 c 
1.0 c 
3.1 ea. 
B,C , T i  , Z r  I 

Cobalt -42 chromium 

Ynmodif i e d  
3.5 T i  
3.1 B 
3.1 c 
1.0 c 
3.1 T i c  
3.1 ea. 
By C , T i  Z r  

Unmodified 
1.0 T i  
0.1 Z r  
0.1 B 
0 . 1  A1 
1 .0  c 
0.1 T i c  

Columnar 

"~01 .  = Columnar. 

- 54 - 

Continuous 
continuous 
Par t icu la te  
Continuous 
Continuous 
Par t icu la te  
Par t icu la te  

Cobalt -37 molybdenum 

Lamellar I None 

-- 



I -  . 

Modifying 
addition, 
weight 
percent 

TABLE I. - Continued. SUMMARY OF COMPOSITIONS CAST 

Ceramic-cast 314 inch Distribu- 
d i m e  t er cylinder t i o n  of 

b r i t t l e  
Eutect ic  primary Macro- phase a t  
morph- phases s t ruc ture  c h i l l  -metal 
O h 3 Y  present in te r face  

AND RESULTING MICROSTRUCTURES 

Unmodi f i e  d 
0.2 M g  
0.2 C a  
0 .1  Ce 
0.1 Y 
0.1 T i  
1 .0  T i  
0.1 Z r  
0 .1  B 
0.1 A 1  
0.05 C 
0 .1  c 
0 . 2  c 
0.5 C 
1.0 c 
0 .1  T i c  

Unmodified 

0.1 Y 
0.1 La 
0.1 Zr 
0.1 B 
0.1 A 1  
0.1 C 
1.0 c 
0.1 ea. 
B, C,Ti ,Zr  

0.1 Mg 

Lamellar 

None 1 
Lamellar 
Lamellar 

Lamellar 
None : 
Lam-Fishbone 
F i  s hb one 
F i s  hb one 
Lamellar 

Lm-Rod 

Nickel-37 tantalum 

None 

i 
Globular 
None 

w6c07 
‘gC07 
wgc07 

W@7 
wgc0.7 + aco 

w6c07 + aCo 

w6c07 
Wgc07 
aCo 
7 carbide + aCo 
7 carbide 
W6C07 + aco 

Equiaxe d 
a118 Col. 
Equiaxed 
a1/4 Col. 
“118 Col. 
“114 Col. 
Equiaxe d 
“114 Col. 
Columnar 
“1/4 Col. 
&1/4 Col. 
Equiaxed 
Columnar 
Equiaxe d 
Equiaxe d 
a118 Col. 

Continuous 
Par t icu la te  
Par t icu la te  
Continuous 
Continuous 
Continuous 
Par t icu la te  
Continuous 
Par t tcu la te  
Continuous 
Continuous 
Par t icu la te  
C m t  inuous 
Continuous 
Par t icu la te  
Continuous -- 

aCol. = Columnar. 
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flodif ying 
d d i t i o n ,  
weight 
percent 

I ’  

Ceramic- cast 3/4 inch D i s t  r ibu t  i or 
diameter cylinder of b r i t t l e  

- phase a t  
Eutectic primary Macro- chil l-metal  
morph- phases s t ruc tu re  i n t  e rf ac e 
ology present 

i 
I 
I 

Jnmodi f i e  d 
).1 c 
-.o c 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Ro d-like Z r N i q  E quiaxe d 
Rod-like Z r N i 4 ,  N i  Equiaxed 
Rod-like Carbide, N i  &1/8 Col. 

TABLE I. - Concluded. SUMMARY OF COMPOSITIONS CAST 

AND RESULTING MICROSTRUCTURFS 

Jnmodif i e  d 
1.1 Mg 
1.1 Y 
1.1 Ce 
1.1 L a  
1.1 T i  
C.0 T i  
1.1 Z r  
1.5 Zr 
1.1 B 
1.1 A 1  
1.1 c 

L.0 c 
1.1 ea. 
3, C T i  Zr 

Rod-like I 
Globular 
Rod-like 
Rod-Glob . 
Rod-Glob. 
Rod-like 
Rod-like and 

f i shbone 
None 
Rod-like 

~~ 

W, N i  
N i  
N i  
W, N i  
N i  
W, N i  

1 
N i  
N i  
W, N i  

7 carbide 
N i  

Columnar 
Columnar 
&1/4 Col. 
&1/4 Col. 
Columnar 
Equiaxed 
Equiaxed 
Columnar 

1 
Equiaxe d 
“1/4 Col. 

Nickel-16 zirconium 

C ont inuous 
Particulate 
Par t iculate  
Continuous 
Part iculate  
Continuous 
p&r+’:^..l + brLuraue 

Continuous 
Continuous 
Continuous 

a Col. = Columnar. 

I 

- 56 - 



2 

;" 

- 

- 

0 
V 

m 
0 
0 

0 

m 
0 rl 

6, 
rl 
0 
d 

d In cum b o  
Q C D  d M  0 1 0  do or l  o m  0 0 0 0  . .  . .  
0 0  d d  d d  d d d d  0 0  0 

co rl 
0 d 0 

d 0 0 

rl 
rl 
d 

03 
0 
0 

a m  
4 0  

d d  
C u U l M r l M b  r l +  d r l m r l c o r ' l c  0 0  0 

d d  d d d d M d  d d  M 

. .  Gy"%1 
r l r l  ddt444t4 M O  r-: . .  

c d c d  c d c d  
rum r-m 
r - m  
M M  

. .  
cud( 
m a  
0 0  
r l r l  

. .  
0 0  r- m d m  m o  Ln corn co cum m P O 4  

CDa m m L n a  Lnm a 
. .  . .  

N N  r-: Gcld m a  cu 

+ a  0 0  
d N  F c u  
m a  a m  coco m m  
. .  . .  

u 
4 0  
$ 4  
5 +  

$ 2  

rll-io 
0 0 4  
. . .  

+ + +  
3 3 3  

k 
cd 
P 
-P 
m 
Q, 
-lJ 

a" 
d 
e, 
a, x 

- 57 - 



C 

I 

i 
I 

a 

! 4 

2 u 

8 u 

a 
a" 
=1 
rl 
0 c 
0 u 
I 

H 
H 

3 
8 
a 

I 

m m  m m  LD 
0 0  0 0  d 
00 0 0  0 
d d  d d  d v v  v v  v 

c o c o  
d r l  
d d  

d d  
m u 3  
0 0  

!I- n] 8 

w 

4 

- 58 - 



I 
E 
I 
I 
1 
t 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

T A m  111. - AVERAGE MECHANTCAL PROPERTIES 

Composition 

Ease 
a l loy  

CO-10 A 1  
CO-10 A 1  
CO-45 W 
CO-45 W 
Ni-37 Ta 
Ni-37 Ta 
Ni-45 W 
Ni-45 W 
Ni-45 W 
Xi-45 W 

Additions, 
weight 
percent 

Unmodified 
1.0 c 

Unmodified 
0.2 c 

Unmodified 
1.0 c 

Unmodified 
0.i B 
1.0 T i  
9.1 ea. 

T i ,  Z r  
B,C, 

Ultimate 
t e n s i l e  
s t rength,  

Psi 

7 7 . 0 ~ 1 0 ~  
100 4 
102 7 
125.0 

74.5 
86.2 

155.0 
187.5 
121.7 
147 - 5 

Tensile 
elonga- 
t ion ,  

percent 

<1 

<1 
<1 
<1 

7.5 
1 
4,2 
5.0 
2.2 

3.5 

a 5,000 ps i .  
b15,000 p s i .  

- 59 - 

- 
Hard- 
ness, 

well- 
Rock- 

C 

- 
32.5 
23 
49.5 
49 
25 
14.5 
43 
44 
31 
31 

-~ 

Stress -  
rupture 
l i f e  a t  
1800' F 
h r  and 
stress 

i n d i  - 
cated 

a7.3 
'168.0 
b5.8 

b38. 0 
&15.0 
b74.0 
b30. 0 
b58. 0 

b76. 0 
b l O l .  0 
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CABLE I V .  - FESULTS OF STFESS-RUm TESTS I N  A I R  AT 1800° F 

3pecimer 
number 

344-4 
344 - 2 
344-6 

345 - 3 
345 - 6 
345-4 

327-1 
327-3 
327-5 
327-2 
346-3 
346-5 
346-1 

337-3 
337-5 
337-4 
347-3 
347-2 
347-4 

362-4 
362 - 5 
362-1 
362-3 

253-2 
253-1 
253-3 

Bas e 
a l loy  

co-lo A1 

CO-10 A1 

CO-45 W 

CO-45 W 

Ni-37 Ta 

Ni-37 Ta 

Modifying 
addi t  i on 
weight, 
percent 

Unmodified 

1.0 c 

Unmodified 

0.2 c 

Unmodified 

1.0 c 

I n i t i a l  
stress, 

PS i 

5,000 
7,000 

15,000 

5,000 

15,000 

7,500 
7,500 

15,000 
7,500 
i0,OOC 
15 , 000 

20,000 

20,000 

10,000 

10,000 

15,000 

30,000 
15,000 

30,000 

5,000 
7,500 
10,000 
15,000 

5,000 
7,500 
10,000 

Time t o  
Fracture, 

hr 

7.3 
1.65 
0.1 

167.9 
5.9 
0.8 

33.46 

16.35 
5 . i 5  

45.65 
30.0 

5.7 

42.5 
14 .7  
3.3 

32.85 
12 .4  

2.95 

‘24.0 

15.0 
4.3 
2 .4  
0.4 

74.0 
6.32 
2.7 

Elongation, 
percent 

~ 

50.0 
70.0 
80.0 

10.0 
8.5 

22.0 

42.5 
a85. 0 

52.5 
27.5 
44.0 
37.5 
25.0 

12.5 
17.5 
5.0 

12.5 
12.5 
8.0 

3.5 
5.0 
4.0 
5.0 

32.0 
25.0 
29.0 

“Interrupted t e s t .  
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TABLE I V .  - Continued. RESULTS OF STRESS-RUPTURE 

;pe cimen 
number 

241-1 
241-3 
241-2 
241-5 
366-2 
366-6 
366-5 

312-2 
312-1 
312-4 
312-6 
339-3 
339 -4 

349 - 6 
349 - 1 
349-2 
385-3 
385-2 
385-1 
385-4 

311-3 
311-2 
311-5 

330-6 
330-1 
330-2 
330 - 3 
336-6 
336-1 

Bas e 
a l loy  

Ni-45 W 

Ni-45 W 

Ni-45 W 

Ni-45 W 

Ni-45 W 

TESTS I N  AIR AT 1800° F 

Modif gng 
addition 
weight, 
.percent 

Unmodified 

0.1 B 

0.1 c 

0.1 La 

1.0 Ti 

I n i t  i a i  
s t r e s s ,  

ps i  

13,000 
14,850 
15,000 

13,000 
15,000 

20,000 

20,000 

20,000 
20,000 

15,000 

30,000 
15,000 
30,000 

10,000 

20,000 
10,000 

20,000 

15,000 

15,000 
15,000 

15,000 
15,000 
20,000 

20,000 
20,000 

15,000 

25,000 
15,000 
25,000 

Time t o  
f rac t  w e ,  

h r  

45.95 
25.15 
30.15 
21.45 
31.65 
24.7 
14.75 

44.9 
30.27 
31.0 

9.2 
68.8 
21.0 

24.85 
14.6 

9 . 1  
79.3 
29.3 
31.77 
8 .1  

25.05 
25.5 
11.6 

101.35 
1 6 . 2  
10.1 
1.45 

101.1 
3 .1  

Elongation 
percent 

4.0 
4.0 

2.5 
12.5 
10.0 
9.0 

11.0 
9.0 

5.0 
11.0 
9.0 

2.0 

2.0 
9.0 

10.0 

11.0 

2.5 
4.0 
4.0 

---- 

---- 

<1 

<1 

- - - -  
5.0 
7.5 
2.5 
2.5 
2.5 
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TABLE I V .  - Concluded. RESULTS OF STRESS-RUPIZTRE 

TESTS I N  A I R  AT 1800° F 

3pe cimen 
number 

338-6 
338-3 
338 -4 

363-6 
363-5 
363-1 

357 -3 
357-2 
357-1 
359 - 6 
359-2 
359-5 

Base 
a l loy  

Ni-45 W 

Ni-45 W 

242-1 

Modifying 
a ddi t i on 
weight, 
percent 

0.1 Y 

0.1 each 
of T i ,  
Zr,B,C 

0.1 B 

I n i t i a l  
stress, 
Psi 

15,000 

25,000 

15,000 

25,000 

15,000 

30,000 
15,000 

30,000 

13,000 
15,000 
20 000 

20,000 

20,000 

20,000 

20,000 
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Time t o  
f rac ture ,  

hr 

59.6 
26.6 
11.45 

26.2 
17.5 
9.25 

51.95 
48.1 
7.55 
96.1 
42.95 
12.6 

638.2 
349.5 
28.5 

Elongation 
percent 

6.0 

2.5 

11.0 
5.0 
5.0 

17.5 
14.0 
12.5 
27.5 
14.0 
12.5 

5.0 
5.0 
1.5 

<1 



I 
C 
1 
D 
I 
D 
I 
D 
I 
I 
I 

U l t i m a t e  
t e n s i l e  
s t rength,  

Ps i  

TABLE V. - ROOM TEMPIZRATURE TENSILE RESULTS 

0.2 percent 
y i e l d  

s t rength,  
Ps i  

addi t ions,  

percent 

Elonga- 
tion,, 

percent 

C o n d i -  
t i o n  

of 
bar 
(a>  

344-5 
345-5 

66 <1 A/C 
3 

Unmodified 77.0X10 
1.0 c 100.4 69 3.5 A/C 

241-6 
366-4 
312 -5 
339-2 
349 -3 
385 - 6 
311-1 
311-6 
330-4 
336-4 
338-5 
363-3 
357-4 
357-5 
359 -1 

327-4 Unmodified 97.5 
337-1 0.2 C 125 
346-4 0.2 C 108 

Unmodified 
Unmodified 
0.1 B 
0.1 B 
0.1 c 
0.1 c 
0.1 La  
0.1 La  
1.0 T i  
1.0 T i  
0.1 Y 
0.1 Y 
0,1 eat 

Bp. F,  
T3.9 ac+ -.--- 

<1 A/C 
- - m - -  <1 G 
----- <1 G 

. Nickel-45 tungsten' 

362-2 
353-1 

165 
145.1 
188 
18 7 
116.5 
129 
149.5 
166.6 
118.5 
125 
139.2 
157.2 
141.5 
150 
14 5 

Unmodified 74.5 --..-- <1 A/C 
1.0 C 86.2 60 7.5 AfC 

a A/C = A s  ca s t  surface; G = ground surface.  

<1 
1.5 
5 
3.5 

<1 
<1 
2 
4.5 
4.5 
5.5 
2 
1.5 
1.5 
3 
2 
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FIGURES 



I 
I 
I (a U n mod i f i ed . 

(b)  Modified with sodium. 

FIG. 1: MICROSTRUCTURE OF ALUMINUM- 
SILICON EUTECTIC IN A356 ALLOY ( A l - 7 . 0  
Si-0.3 M g ) .  175X. REDUCED APPROXI- 
MATELY 13 PERCENT IN PRINTING. 
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SOLIDIFICATION TIME, MINUTES 

0.7 1.7 3.5 7 IO 

ULTIMATE STRENGTH 

---- 
SEPARATELY CAST BARS 

/ 4 
UNMODIFIED 

I YIELD STRENGTH I I ww- - 
I I I I 

1 

ELONGATION IN 21N 

- - - MODIFIED 

ELONGATION IN 21N 

- - - MODIFIED 

0 2 4 6 0 IO 

DISTANCE FROM CHILL, IN. 

FIG. 2: MECHANICAL PROPERTIES OF A356-T6 (Al-7.0 Si-0.3Mg) 
BEFORE AND AFTER SODIUM MODIFICATION. 



FIG. 3: SECTIONS OF COMPOSITE MOLD, COPPER CHILL MOLD, 
FUSED SILICA POURING CUP AND MOLD, AND CLAMP. 

I 
I 
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FIG. 4: ASSEMBLED COMPOSITE MOLD SHOWING 
FUSED SILICA SECTIONS AND COPPER CHILL MOLD. 
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FIG. 5: CASTING FROM COMPOSITE MOLD AND PORTION OF MELT 
SOLIDIFIED IN CRUCIBLE. 



FIG. 6: TEST BAR CASTING AND CERAMIC 
SHELL MOLD. 



XlOO 
a) Chill Cast 

71 

X500 
b) Cast in unheated, 

fused silica mold 

XlOO 
c) Solidified in crucible 

XlOO 
d) Investment cast 

Figure 7. Co-1OA1 unmodified (a,b,c) from same 
melt cooled at 3 different rates, d) from test 
bar cast in 1600OF. mold. 
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XlOO 
a )  C h i l l  C a s t  

X500 
b) C a s t  i n  unheated,  

fu sed  s i l i c a  mold 

XlOO Xi00 
c)  S o l i d i f i e d  i n  c r u c i b l e  d )  Investment  cas t  

F igu re  8 .  Co-lOAl+l.OC ( a , b , c )  from same m e l t  
cooled  a t  3 d i f f e r e n t  ra tes ,  d )  from t e s t  b a r  
c a s t  i n  1 6 0 0 ° F .  mold. 
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XlOO 

Figure  9 .  Co-42 C r ,  c a s t  i n  unheated ceramic 
mold. 

XlOO 

Figure  1 0 .  CO-37 M o ,  cas t  i n  unheated ceramic 
mold. 
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XlOO 
a) Chill Cast 

74 

X500 
b) Cast in unheated, 

fused silica mold 

c 
I 
I 
C 
C 
I 

XlOO 
c) Solidified in crucible 

XlOO 
d) Investment cast 

Figure 11. Co-45W unmodified (a,b,c) from same 
melt cooled at 3 different rates, d )  from test 
bar cast in 1600'F. mold. 



XlOO 
a) Chill Cast 

75 

X500 
b) Cast in unheated, 

fused silica mold 

X i 0 0  vi nn 
' L L "  " 

c) Solidified in crucible d) Investment cast 

Figure 12. Co-45W+0.2C (a,b,c) from same melt 
cooled at 3 different rates, d) from test bar 
cast in 1600'F. mold. 



XlOO X500 
a) Chill Cast b) Cast in unheated, 

fused silica mold 

XlOO X l O O  
c) Solidified in crucible d) Investment cast 

Figure 13. Ni-37Ta unmodified (a,b,c) from same 
melt cooled at 3 different rates, d) from test 
bar cast in 1600'F. mold. 
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X500 X l O O  
a) Chill Cast b) Cast in unheated, 

fused silica mold 

XlOO XlOO 
c) Solidified in crucible d) Investment cast 

Figure 14. Ni-37Ta+l.Oc (a,b,c) from same melt 
cooled at 3 different rates, d) from test bar 
cast in 1600°F. mold. 
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XlOO 
a) Chill Cast 

XlOO 

X500 
b) Cast in unheated, 

fused silica mold 

XlOO 
c) Solidified in crucible d) Investment cast 

Figure 15. Ni-45W unmodified (a,b,c) from same 
melt cooled at 3 different rates, d) from test 
bar cast in 1600OF. mold. 
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XlOO 
a) Chill Cast 

X500 
b) Cast in unheated, 

fused silica mold 

XlOO 
c) Solidified in crucible 

XlOO 
d) Investment cast 

Figure 16. Ni-45W+O.lB (a,b,c) from same melt 
cooled at 3 different rates, d) from test 
bar cast in 1600OF. mold. 
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XlOO 
a) Chill Cast 

XlOO 
c) Solidified in crucible 

X500 
b) Cast in unheated, 

fused silica mold 

XlOO 
d) Investment cast 

Figure 17. Ni-45W+ 1.OTi (a,b,c) from same melt 
cooled at 3 different rates, d) from test bar 
cast in 1600'F. mold. 
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X500 
b) Cast in unheated, 

fused silica mold 

XlOO XlOO 
c) Solidified in crucible d) Investment cast 

Figure 18. Ni-45W+O.lea. (B,C,Ti, Zr) (a,b,c) from 
same melt cooled at 3 different rates,d) from 
test bar cast in 1600'F. mold. 
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Figure 19, Ni-16 Zr, c a s t  in unheated ceramic mold. 
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COBALT - 10 ALUMINUM 

STRESS-RUPTURE LIFE AT 
1800°F AND 5000 PSI 

+ 1.0 c 
I-UN- MODIFIED 

1 40 80 12 0 160 200 240 
I RUPTURE LIFE, HOURS 

ROOM TEMPERATURE 
TENSILE ELONGATION 

2 4 6 8 IO 
ELONGATION, PERCENT 

12 

+ I.0C ROOM TEMPERATURE 

I ULTl MATE TENSILE STRENGTH UN- MODIFIED 

0 40 00 120 I60 180 200 

FIG. 26:  EFFECT OF MODIFICATION ON THE 
ROOM TEMPERATURE TENSILE PROPERTIES 
AND STRESS RUPTURE LIFE AT 1600°F 
AND 5000 PSI OF THE EUTECTIC ALLOY 
COBALT - IO ALUMINUM. 

STRESS, 1000 PSI 
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COBALT- 45 TUNGSTEN 

STRESS-RUPTURE LIFE AT 1 1800°F AND 15,000 PSI + 0.2 c 
-UN-MODIFIED 

IO 20 30 40 50 60 
RUPTURE LIFE,HOURS 

I -+ 0.2c ROOM TEMPERATURE 
c-- UN- MODIFIED TENSILE ELONGATION 

I 2 3 4 5 6 
- 

ELONGATION, PERCENT 

+ 0.2c ROOM TEMPERATURE 

1 40 80 I20 160 200 240 
STRESS, 1000 PSI 

FIG. 27: EFFECT OF MODIFICATION ON THE ROOM 
TEMPERATURE TENSILE PROPERTIES AND STRESS 
RUPTURE LIFE AT 1800OF AND I5,OOO PSI OF 
THE EUTECTIC ALLOY COBALT045 TUNGSTEN. 

I ULTIMATE TENSILE STRENGTH 
UN-MODIFIED 
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NICKEL - 45 TUNGSTEN 

+ 1.0 TI I 
I STRESS-RUPTURE LIFE +O. l  EA B,C,Ti, Zr 

m 

4- 0.1 B I AT 1800°F AND 15000 PSI 
UN- MOD. I 

20 40 60 80 100 120 
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FIG. 2 9 :  EFFECT OF MODIFICATION ON THE 
ROOM TEMPERATURE TENSILE PROPERTIES 
AND STRESS RUPTURE LIFE AT 1800OF 
AND 15000 PSI OF THE EUTECTIC ALLOY 
NICKEL - 45 TUNGSTEN. 
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a) 

Unmodified 
XlOO 

+0.1 Titanium 

XlOO 

+1.0 Titanium 
XlOO 

Figure 30. Effect of titanium on the formation of 
primary tungsten particles in Ni-45W. 
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